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ABSTRACT
Tertiary lagoons have generally been viewed as an effective and low-cost method of removing 
pathogens from wastewater. A review of the literature showed that there is inconclusive 
information on removal mechanisms for all parameters. The majority of lagoons in use today 
have been designed using equations developed by Marais and Shaw (1961) based on first- 
order kinetics for the removal of faecal coliforms, but there are wide variations in 
performance. Mathematical models have also been developed, but these are difficult to use for 
new lagoons as they require an estimate of several complex parameters, pay insufficient 
attention to the hydraulic regime, and do not consider the systems in three dimensions. 
Computational fluid dynamic (CFD) modelling has therefore been proposed as a more 
practical approach to lagoon modelling and design, and the models developed so far are 
reviewed. Monitoring of tertiary lagoons at three sewage treatment works in the UK was 
carried out to investigate their performance, their hydraulic regime and the vertical distribution 
of physical parameters. Strong seasonal variation was seen in the performance of the lagoons. 
None of the sites were able to produce effluents which complied with the EC bathing water 
directive or the WHO guidelines for wastewater reuse, although their existing discharge 
consents were easily met. Tracer studies showed that there was significant short-circuiting 
occurring in all lagoons, and the hydraulic regime was dispersed plug-flow. Depth profiling 
suggested there was greater vertical variation in physical parameters than in the horizontal 
plane. Three-dimensional steady flow CFD modelling of a facultative lagoon demonstrated 
that there was significant short-circuiting. The addition of baffles improved the hydraulic 
regime, and indicated that plug-flow conditions produced better performance. Time- 
dependent modelling, to include thermal effects, found that thermal stratification exacerbated 
short-circuiting. Baffles did improve the situation, but the retention time was still much 
shorter than the nominal retention time.
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GUIDE TO THE PORTFOLIO
This portfolio consists of two volumes. Volume I contains all the information which demonstrates 
the ‘contribution to knowledge’ of this EngD project. This is in the form of ten papers, which 
include a review of the relevant literature and the experimental data. The papers have been divided 
into three sections, with a summary of the main conclusions at the end of each. Volume II contains 
the seven compulsory progress reports produced at six-monthly intervals during the course of the 
project as part of the continuous assessment procedure.
In order to facilitate the reading and interpretation of this portfolio, all the papers have been given a 
number, and referred to by this through the executive summary to guide the reader to the relevant 
information. It is recommended that the portfolio is read in the following order: Volume I, section 
1, Volume II, the 24-month report methodology and site descriptions, and then the remainder of 
Volume I. No other parts of Volume II need to be read as all the information has been included in 
the form of papers in Volume I.
VOLUME I
The first volume is divided into six main sections:
Section 1 - The mandatory executive summary which summarises the contribution to knowledge 
which have arisen from this project and are discussed in the ten papers. The executive summary 
draws together the work carried out over the four years and presents in the context of the water 
industry and in terms of environmental technology.
Section 2 - Two literature review papers are presented here which discuss the mechanisms of 
removal and the performance of tertiary lagoons and modelling and design of tertiary lagoons. The 
paper on mechanisms of removal and performance has been published in Water Research.
Section 3 - Five papers covering the monitoring data, tracer studies and depth profiling work carried 
out are included in this section. Two of the papers are in press for Water Research, and the other 
three will be submitted.
Section 4 - This contains three papers covering the computational fluid dynamics modelling carried 
out, the first of which was presented at a conference and the other two are to be submitted to Water 
Research.
Section 5 - This contains an overall discussion for the ‘contribution to knowledge’ and the main 
conclusions.
Section 6 - A  reference section containing a comprehensive list of all references cited in the 
portfolio.
VOLUME II
This contains the seven six-monthly EngD progress reports.
During the completion of this Engineering Doctorate, Henrietta has had support from 
Dr Tuan Ta of Thames Water Utilities Ltd. and Dr Bob Bum of the University of 
Reading. Dr Ta provided advice and expertise on CFD modeling for the work reported in 
Papers 8, 9 and 10. Dr Bum provided the methodology for the statistical comparison 
reported in Paper 7, and advice on the choice of methods used in other work. Henrietta 
was also responsible for the supervision of the MSc. students who assisted with the work 
reported in Papers 3 to 7. Notwithstanding this, the bulk of the work was carried out by 
Henrietta herself.
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Section 1 - Executive Summary
EXECUTIVE SUMMARY
1. Introduction
Wastewater treatment has two fundamental aims:
1. To reduce the concentration of pollutants in the wastewater before release to the receiving water 
to a level at which they will not cause harm to human populations who use the receiving river or 
stream for drinking water, agriculture or aquaculture.
2. To reduce the concentration of pollutants to a level where the water can be released into the 
environment without causing damage.
The largest threat to human health from wastewater comes from the presence of pathogenic 
organisms. There are many bacterial, viral and parasitic intestinal pathogens which may be present 
in water if there is faecal pollution. Bacterial pathogens occur world-wide, and those known to be 
present in contaminated drinking water include strains of Shigella, enterotoxigenic Escherichia coli, 
Vibrio cholerae, Salmonella typhi, Yersinia enterocolitica and Campylobacter fetus. These can 
cause diseases ranging from mild gastroenteritis to severe, and sometimes fatal dysentery, cholera 
or typhoid (WHO, 1984). The ingestion of contaminated water and food can be a major source of 
infection, but its importance varies between diseases and local circumstances. For example, 
although Shigella can be waterborne, the main route for the spread of the disease is usually person- 
to-person contact. Of the pathogens whose main route of transmission is water, some, such as 
Salmonella typhi have an infective dose of only a few organisms whereas with some other 
pathogens, such as V. cholerae, 108 organisms may be necessary to cause illness. Sewage effluent 
can also contain suspended solids, organic compounds, nitrogen compounds, phosphorus 
compounds and heavy metals, some of which may be environmentally damaging and hazardous to 
health.
During this century, lagoons, or wastewater stabilisation ponds, have been widely used for primary, 
secondary and tertiary treatment, although they have been in use in Asia for hundreds of years. 
There are now many thousands of systems in use all over the world. In the US alone, the EPA
(1983) reported that there were around 7000 lagoons in use. Gloyna (1971) reported that 39 
countries, from the polar regions to the equator, were using lagoons to treat the wastewater from 
communities ranging from less than 1000 to more than 100 000 people. The treatment of 
wastewater in lagoons uses the physical and biochemical interactions that occur naturally in aquatic 
systems to remove pathogens, biochemical oxygen demand (BOD), ammonia, nitrates, suspended 
solids and phosphates.
There are three types of non-aerated lagoon in use; anaerobic lagoons, facultative lagoons and 
aerobic or maturation or tertiary lagoons. This project is primarily concerned with the treatment of 
wastewater in tertiary, or maturation lagoons. Tertiary lagoons are usually 1 to 1.5 m deep, and 
they can receive the effluent from either facultative lagoons or from conventional treatment 
processes. The primary function of tertiary lagoons in most parts of the world is the removal of 
pathogenic organisms, and the size and number of these lagoons will normally be determined by the 
required bacteriological quality of the final effluent. However, in the region covered by Thames 
Water, tertiary lagoons are used to remove suspended solids and to provide buffering capacity in 
case of any problems upstream in the conventional treatment processes, as recommended by IWEM 
(1994), since in the UK there is currently no legal requirement for pathogen removal except for
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bathing waters. The size and number of lagoons in use has been determined by the amount of land 
available, or the presence of disused gravel pits close to the sewage works.
1.1 Aims of the Project
These were to:
1. Explore the relationship between hydraulic residence time and pathogen removal 
in tertiary treatment lagoons.
2. To improve the hydraulic performance of lagoons, and hence their overall 
performance.
These aims were achieved by carrying out long-term monitoring of the effluent quality of lagoons at 
four sites in the Thames region. The data from the monitoring of the lagoons has been used to 
produce a validated computational fluid dynamic (CFD) model which can be used to improve the 
design of new lagoons and predict the effect of any potential remedial measures in poorly 
performing existing lagoons.
1.2 Thames Water’s Interest in Tertiary Lagoons
Thames Water Research and Technology have become interested in investigating the design and 
performance of tertiary lagoons as the EC Bathing Water Directive may be extended to cover rivers, 
in which case legal requirements for pathogen removal will be brought in in the UK, and the 
removal of pathogenic organisms will become a major issue for all sewage treatment works. 
Thames also operate an increasing number of sites around the world where lagoons are used, as well 
as being commissioned to build new systems where lagoons are a realistic option. It is therefore 
necessary for the company to increase its understanding of the processes occurring within lagoons 
for sites experiencing problems, as well as improving the design of new systems.
2. Literature Review
A detailed review of the literature was carried out as the initial stage of this project in order to be 
able to establish the background to the research. It was clear that more information was required to 
allow a truly accurate understanding of the removal mechanisms occurring in lagoons, particularly 
those for pathogen removal. There is still much debate on the mechanisms of bacterial removal, and 
conflicting results on the contribution of the different biological, chemical and physical factors 
involved. The main factors are thought to be light, dissolved oxygen and pH. More work is needed 
to investigate the contribution of algal toxins, predation, starvation, temperature and retention time, 
and the relationship between pH, dissolved oxygen concentration, light and lagoon depth. More 
research also needs to be carried out on virus and intestinal parasite removal. The problems of 
detection and quantification of these pathogens also need to be resolved. This is discussed in more 
detail in Paper 1.
The majority of tertiary lagoons in existence have been designed using the equations developed by 
Marais and Shaw (1961) based on first-order removal kinetics for bacteria. However, problems 
with performance have been experienced, so it is necessary to find another approach to design. 
Mathematical models have been proposed which more accurately model the mechanisms of removal 
for bacteria, by including terms for light, algal concentration, etc., as well as including a term for the 
hydraulic regime, the dispersion number. These models are not practical for designing new lagoons
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as the extra terms cannot be readily determined. Initial attempts at developing CFD models of 
lagoons were not entirely successful as they were only in two dimensions, and only one included 
any terms for the turbulent effect of the inlet. More recent CFD models, using commercially 
available software, have been able to simulate lagoons in three dimensions, including a well 
validated method of modelling turbulence. By combining the hydraulic modelling with
mathematical models of pollutant removal, it will be possible to develop CFD models which more 
accurately portray the processes occurring within lagoons. This will allow improved designs for 
new lagoons, and a method for diagnosing problems experienced by existing ones. This is 
discussed in more detail in Paper 2.
It is clear from the review of the literature that, without an increased understanding of the effect of 
the hydraulic regime on the processes occurring within lagoons, it will be extremely difficult to 
design new systems which will provide a consistent effluent quality, and meet the more stringent 
controls of the future.
3. Practical Studies
3.1 Monitoring
Before monitoring work was started, a series of tests were carried out to ensure that the use of 24- 
hour composite samples would not compromise the results for the bacterial parameters which were 
to be monitored for the project. By comparing the numbers of total coliforms, enterococci and E. 
coli in spot samples, composite samples, samples taken every four hours over a 24-hour period, and 
with reference to the literature, it was decided that 24-hour composite samples would be adequate 
for the purposes of this project. The details of this investigation are given in the 24-month report in 
Volume II.
Samples were taken at three sewage treatment works (STWs) in the Thames region: Holmwood, 
Basingstoke and Chesham. The two lagoons at Holmwood were operated in parallel for most of the 
sampling period, but, in the final year, were adapted to operate in series by diverting the effluent of 
the first lagoon to the inlet of the second lagoon. The sites are described in the 24-month report in 
volume II, and the adaptation of the Holmwood lagoons is described in Paper 5. The samples were 
analysed routinely for biological oxygen demand (BOD), chemical oxygen demand (COD), 
suspended solids (SS), total coliforms, enterococci and E. coli. Ammoniacal nitrogen, total 
Kjeldahl nitrogen, Giardia, Cryptosporidum, enteroviruses, chlorophyll a and particulate organic 
carbon (POC) were analysed for less often due to the high cost of the analyses. The details of the 
analytical methodology and site descriptions are given in the 24-month report in Volume II.
The performance of the lagoons at all sites was disappointing with respect to all the indicator 
organisms (total coliforms, E. coli and enterococci), although high removals were observed for 
Giardia and enteroviruses on a number of occasions. Fewer than ten Cryptosporidium oocysts were 
found during the whole sampling period. Very distinct seasonal performance was observed for all 
parameters for the monitoring at Holmwood, although the pattern of variability was not necessarily 
the same for all determinands. The WHO guidelines for wastewater reuse (100 faecal coliforms per 
100 ml) and the European Community mandatory values for bathing waters (10 000 total coliforms, 
2 000 faecal coliforms and zero Salmonella and enteroviruses per 100 ml) were reached on only a 
few occasions at all sites. However, influent concentrations of the chemical parameters was already 
low, normally less than the discharge consent, due to the good performance of the up-stream 
conventional processes. The poor removal performance of the lagoon was therefore not a problem 
for chemical parameters, but demonstrated that the current configurations of the lagoons did not
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provide adequate treatment for either indicator organisms or actual pathogens. The results for 
Holmwood STW in parallel are discussed in Paper 3, Chesham STW in Paper 5. The results for 
Basingstoke STW are presented in the 24-month report, but are not discussed further because 
operational problems at the site leading up to the de-commissioning of the lagoons has lead to the 
data being discarded from further consideration.
The two lagoons at Holmwood STW were modified so that they could be operated in series in order 
to investigate whether increasing the retention time would improve the removal performance of the 
lagoons for the bacterial indicator organisms. The influent and effluent were monitored for 12 
months, again using 24-hour composite samples. Comparison of the results for this period with 
those for the period when the lagoons were operated in parallel showed that there was no significant 
improvement in performance. It is thought this may have been due to the fact that, even once the 
lagoons were in series, the retention time was still insufficient because of the level of short- 
circuiting. The results of this study are discussed in greater detail in Paper 7.
3.2 Profiling of the Lagoons
Profiling was carried out at Holmwood and Chesham STWs. Each lagoon was divided into a grid, 
and measurements taken at each grid point, at different depths down through the lagoon, of pH, 
dissolved oxygen (DO) concentration, temperature and conductivity. Samples were also taken at 
the surface and at the bottom of the lagoon at Holmwood and analysed for the bacterial parameters 
as well as measurements of light intensity at different wavelengths down through the lagoon. The 
sludge depth was also measured in the Chesham lagoon. Full details of the methodology are given 
in the 24-month report in Volume II.
Different patterns were seen for DO, temperature and pH for each site; at Holmwood, there was a 
decrease in temperature with depth, but all other parameters increased, whereas at Chesham all 
parameters decreased with depth. The results for Holmwood suggest that the thermal stratification 
caused the influent to short-circuit along the bottom of the lagoon due to the higher temperature of 
the bulk water compared to the influent. The difference in the behaviour of the two lagoons may be 
due to the presence of the vertical brushes and multiple inlets at Holmwood. The vertical brushes 
will have prevented as much mixing occurring in Holmwood by stilling the flow. The results for 
Holmwood STW are discussed in more detail in Paper 4, and for Chesham in Paper 6.
3.3 Tracer Studies
These were carried out using sodium fluoride (NaF) at Holmwood and Chesham STW. The 
background fluoride concentration was logged using an ion-selective electrode at the inlet, and 
another probe used at the outlet for monitoring attached to Grant Squirrel Loggers. The volume of 
fluoride required to give a maximum peak of 1.5 mg F/l in the outlet was calculated based on the 
flow, assuming that the flow to the lagoon was dispersed plug flow. The shapes of the residence 
time distribution (RTD) curves was similar for Holmwood and Chesham and confirmed the 
assumption of dispersed plug flow. The dispersion numbers ranged from approximately 0.2 to 
approximately 0.5, suggesting hydraulic regimes close to plug-flow to close to completely-mixed. 
The degree of short-circuiting was very high for all but one of the tests, with the worst case of 80 
percent of the lagoon at Chesham being short-circuited. Paper 4 presents the detailed results for 
Holmwood and Paper 6 for Chesham.
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4. Computational Fluid Dynamics Modelling
An investigation of a series of five lagoons operated by Thames in Thailand treating industrial 
wastewater was carried out to try to understand the cause of problems experienced with their 
performance. A temperature profile of the lagoon was carried out. This involved measurements of 
temperature being taken at the surface and at 30 cm and 1 m depths at a 11 points on the lagoon. 
No measurements were recorded below 1 m as there was no change in temperature. Distinct 
thermal stratification was found to exist, with the surface of the water at 31°C, reaching 28 °C at 1 m 
depth, and remaining at this temperature for the rest of the depth. CFD modelling concentrated one 
of these lagoons in particular as the findings can be directly extrapolated to the others in the series. 
The results are described in Paper 8.
4.1 Steady-state Model
Three dimensional modelling was employed to allow inclusion of the effect of the inlet, outlet and 
the thermal effect. The computational mesh used was a 18 x 48 x 8 structured grid. Two baffles 
were added across the lagoon at 140 m and 70 m down the lagoon from the outlet. The flow 
turbulence was modelled using the standard k-epsilon. The inlet was defined as a velocity inlet, and 
the outlet as a mass flux boundary. A fixed wall boundary was used at the water surface. The wall 
was assumed to be frictionless to simulate the free surface condition. Wind effects were not 
included in this model.
The steady flow model without baffles showed the flow entering the lagoon following the wall 
opposite the inlet, directly to the outlet, with most of the flow re-circulating slowly in the central 
area of the lagoon. The actual retention time was found to be significantly shorter than the 
theoretical retention time. This is thought to be the cause of the poor performance of the lagoons. 
The steady flow model with baffles placed in the central region of the lagoon showed that the short- 
circuiting could be significantly reduced, and the retention time increased, by a very simple 
modification. Removal efficiency is best with plug flow conditions, as the longest retention time 
gives high percentage removals. The steady flow model has been validated using the electronic 
distance measurement (EDM) method in reservoirs, as well as measurements of the dissolved 
oxygen concentrations at night in the lagoon system, and problems with odour and re-suspended 
sludge. The results are discussed in detail in Paper 8.
4.2 Thermal Model
Time-dependent investigations of the effect of the thermal stratification observed during the 
profiling exercise dependent modelling of the thermal conditions was carried, both with and without 
baffles. The same mesh and inlet and outlet boundary conditions were used as in the stead-state 
model. The temperature of the influent was varied depending on the time of the day; 31°C for eight 
hours during the day, and 28°C for the remaining 16 hours. The calculation was performed for a ten 
day period, and the lagoon was assumed to be stratified at the beginning of the first day. The fixed 
and frictionless wall boundary at the water surface, used to simulate the free surface condition also 
varied in temperature; the temperature was at 31°C for 8 hours during the day and at 28°C for the 
rest of the day. Wind effects were again not included in this model.
The thermal stratification appeared to cause significant hydraulic short-circuiting in the lagoon in 
the absence of baffles, with the warm influent rapidly reaching the outlet. The short-circuiting was 
more severe than in the steady-state case as only a small part of the lagoon volume in the warm top 
layer was used. A pattern of stratification followed by almost complete mixing was seen to be
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repeated through the whole of the simulation. The stratification did not break-down immediately 
once the influent became cold. The addition of baffles appeared to reduce the hydraulic short- 
circuiting. However, the retention time was still significantly less than the theoretical retention 
time. A similar pattern of stratification followed by mixing through the lagoon’s depth was also 
observed when baffles were added, but the mixing was restricted to the areas furthest from the inlet. 
The results are discussed in detail in Paper 9.
The pseudo residence time distribution (RTD) curves generated by the simulation demonstrate the 
problem of short-circuiting caused by thermal stratification. A pattern of pairs of maxima was seen 
in the pseudo RTD curve for both the case with baffles and that without. The first maximum in 
both cases corresponded to the short-circuiting of the hot influent in the warm upper layer of 
stratification, and the second to the passage of the cold influent in the cooler lower layers of the 
lagoon. This pattern then repeated for the remainder of the simulation. The severity of the short- 
circuiting caused by the stratification was highlighted by a comparison of the normalised pseudo 
RTD curves and the RTD curves for the steady-state cases. There was a clear shift to the right in 
the position of the maximum for the thermal case with baffles compared to the case without i.e. the 
maximum moved closer to the nominal retention time. However, this was still far short of the ideal 
shown in the steady-state case with baffles, where the maximum was at 1, the nominal retention 
time. Both the thermal and the iso-thermal simulations show a shift in the maximum towards the 
nominal retention time, which corresponds to the design retention time, when baffles were installed 
in the lagoon. Therefore it may be possible to carry out CFD modelling for optimisation of lagoon 
systems only for the iso-thermal case. This would have the advantages of providing meaningful 
results more rapidly, together with RTD curves which are more easily interpreted. However, this 
does not remove the need to develop fully integrated CFD models to provide a clearer 
understanding of how the complex processes occurring within lagoons interact. The results are 
discussed detail in Paper 10.
5. Environmental Technology
The contribution to environmental technology, a key part of the Brunei/Surrey Engineering 
Doctorate programme, is very clear for this project, as it has been entirely concerned with 
improving the effluent quality from sewage treatment works. Sewage treatment works may be 
considered as ‘end of pipe’ solutions to the problems of dealing with wastewater. However, 
whether the wastewater is dealt with in-situ or pumped to a treatment works, it is always going to 
need to meet increasingly stringent effluent requirements. The results of this study have shown that 
tertiary lagoons may not be an appropriate technology for pathogen removal in temperate climates, 
but their role in warmer climates cannot be underestimated. The project has also extended our 
ability to model lagoons, and hence gain a greater understanding of how treatment can be improved 
to provide, consistently, a higher quality effluent.
6. Conclusions
The main conclusions of the four years work are outlined below:
• The mechanisms of removal in tertiary lagoons are not well understood, particularly those for 
pathogen removal. There is a much debate in the literature on the mechanisms of bacterial 
removal, and conflicting results on the importance of the different chemical, biological and
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physical factors. More research is also necessary on the mechanisms of removal for viruses and 
intestinal parasites.
• The majority of tertiary lagoons in use around the world have been designed using the equations 
developed by Marais and Shaw (1961) based on first-order removal kinetics for bacteria. 
However, a large number of these lagoons do not perform satisfactorily, and it is therefore 
necessary to develop a new approach to design. A number of mathematical models have been 
proposed, but these are not practical for designing new lagoons, so computational fluid dynamics 
(CFD) has been proposed as an alternative.
• Monitoring of tertiary lagoons at three sites in the Thames Water region was undertaken over a 
three year period. The results showed that although the effluents complied with the existing 
discharge consents for the sites, the lagoons were not capable meeting either the requirements of 
the EC directive on bathing water or the WHO guidelines for wastewater reuse. Modifications of 
a pair of lagoons to operate in series rather than in parallel, thus increasing the retention time, 
still did not produce an effluent of a high enough quality with respect to the bacterial indicator 
organisms.
• Profiling of the lagoons showed that there were significant differences down through the lagoon. 
These differences in the vertical plane were found to be much greater than those in the horizontal 
plane. This highlights the importance of modelling in three dimensions, which none of the 
existing mathematical models are capable of doing.
• Tracer studies found that all of the lagoons investigated had a large degree of short-circuiting, 
shown by the early arrival of the maximum in the RTD curves. The dispersion numbers all 
indicated that the hydraulic regimes were dispersed plug-flow.
• Steady-state CFD modelling of a lagoon indicated that the poor performance of the system was 
related to the short-circuiting causing the actual retention time to be much lower than the design 
retention time. The installation of baffles into the model showed that short-circuiting was 
significantly reduced and the performance improved. The steady-flow model has been validated 
using the EDM method in reservoirs.
• Time-dependent CFD modelling of the lagoon was also carried out in order to investigate the 
effect of thermal stratification on the hydraulic regime. Stratification was found to have a very 
detrimental effect on the flow, causing an even greater degree of short-circuiting to occur. The 
addition of baffles to the lagoon did improve the flow, but the retention time was still 
significantly lower than the nominal retention time.
Overall, the results of the project have demonstrated that the hydraulic regime is a key element in 
deciding whether or not there will be adequate treatment of the wastewater. This is thought to be 
true whether it is a tertiary lagoon or a facultative lagoon. Using the CFD model presented here it 
will be possible to optimise the flow for new lagoons to ensure that the required level of treatment is 
achieved, and investigate and correct problems with existing lagoons. In the future, this model can 
be extended to include terms for the biological, physical and chemical processes occurring within 
lagoons, and thus provide greater insight into their behaviour.
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ABSTRACT
Tertiary lagoons, or maturation ponds, have generally been viewed as an effective 
and low-cost method of removing pathogens from wastewater. Their low operation 
and maintenance costs have made them a popular choice for wastewater treatment, 
particularly in developing countries since there is little need for specialised skills to 
run the systems. This paper provides a critical review of the literature on the 
removal mechanisms operating in tertiary lagoons, and their overall performance. 
Numerous physical and chemical parameters have been suggested as factors 
involved in bacterial removal, and particular attention is paid in this paper to the 
relationship between pH, dissolved oxygen concentration and light. Very little 
information is available on the mechanisms of removal for intestinal parasites or 
viruses, or for BOD, COD or heavy metals. The two proposed mechanisms for 
nitrogen removal (ammonia volatilisation and sedimentation of organic nitrogen) 
are discussed. It has become obvious from the wide variations in performance 
reported in the literature that the design criteria currently in use for lagoons are not 
adequate. It is thought that by gaining a better understanding of the removal 
mechanisms operating in the lagoons, the design of new lagoons can be improved.
Key words - tertiary lagoons, maturation ponds, removal mechanisms, performance 
INTRODUCTION
The treatment of wastewater in lagoons exploits the physical and biochemical interactions that 
occur naturally in aquatic systems to remove pathogens, biochemical oxygen demand (BOD), 
ammonia, nitrates, suspended solids and phosphates. There are three types of non-aerated 
lagoon currently in use around the world; anaerobic lagoons, facultative lagoons and tertiary 
lagoons, which are also described as aerobic or maturation ponds. This paper is concerned 
only with the removal mechanisms in tertiary lagoons. Tertiary lagoons are usually 1 to 1.5 m 
deep, and they may receive the effluent from either facultative lagoons or from conventional 
treatment processes. The primary function of tertiary lagoons in most parts of the world is the 
removal of pathogenic organisms, and the size and number of these lagoons will normally be 
determined by the required bacteriological quality of the final effluent.
During this century lagoons, or wastewater stabilisation ponds, have been widely used for 
primary, secondary and tertiary treatment. There are now many thousands of systems in use 
all over the world. In north America alone, the US EPA (1983) reported that there were 
around 7000 lagoons in use. Wastewater reuse is becoming increasingly important world­
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wide, and safe reuse, particularly in irrigation, is dependant on adequate pathogen removal. 
The low operation and maintenance costs of tertiary lagoons coupled with the effective 
percentage pathogen removal reported in the literature (Mara et a l, 1992; Pearson et a l, 
1987) have made them a popular choice for wastewater treatment. In addition there is little 
need for specialised skills to operate or maintain them. Wide variations in the standard of 
performance of lagoon systems have been reported in the literature.
POLLUTANT REMOVAL MECHANISMS IN TERTIARY LAGOONS
BOD, COD, Suspended Solids and Heavy Metals Removal
Tertiary lagoons are not usually designed for the removal of BOD, since they are polishing 
lagoons, and are therefore primarily for pathogen and nutrient removal. Wastewater reaching 
the tertiary treatment stage should normally be at, or below, the discharge consent level. 
However, an increase in the concentration of both BOD and suspended solids in the final 
effluent from the tertiary lagoon can occur if there are large algal blooms. Mara et a l (1992) 
and Bradley (1983) stated that between 50 and 90 percent of the BOD in a tertiary lagoon 
effluent is due to the algal content. Mayo (1996) found an increase of 160 - 240 percent in the 
effluent BOD from a site in Tanzania was due to suspended solids, particularly biomass. 
However, some regulatory authorities do allow higher concentrations of BOD and suspended 
solids in the effluents from lagoons than for other treatment methods. For example, in the 
European Union, the Urban Waste Water Treatment Directive (EC, 1991) allows analyses 
from lagoons to be carried out on filtered samples, whereas all other analyses must be 
unfiltered. Unfiltered suspended solids of up to 150 mg/1 are allowed.
Any BOD removal that occurs is due primarily to the oxidation of organic matter by the 
normal heterotrophic bacteria of wastewater treatment, e.g. Pseudomonas, Flavobacterium, 
Archromobacter and Alcaligenes spp. Oxygen produced by algae during photosynthesis 
supplies the bulk of the needs of these bacteria, with the remainder coming from mass transfer 
from the atmosphere. Toms et a l (1975) reported that the removal efficiency of BOD was 
low from the lagoons at the Rye Meads sewage treatment works in the UK, and this was 
ascribed to the initial low organic loadings entering the tertiary lagoons. It should be noted 
that most of the BOD in the effluent will be solids related. There is no detailed discussion of 
COD removal in the literature, but it is assumed that it will be by mechanisms similar to those 
discussed above.
As with BOD, tertiary lagoons are not designed for the removal of suspended solids, and the 
concentrations reaching the lagoons should normally be well within the discharge consent 
level. There is also the problem of increased suspended solids in the final effluent from the 
lagoons when there are large algal blooms. Suggestions have been made, for example by 
Mitchell and Williams (1982), that filter-feeding zooplankton, such as Daphnia, and fish 
(silver carp) (Smith, 1993) could be managed in a way that controls the population of algae. 
However, the fish will generate a significant amount of ammonia and suspended solids 
(Smith, 1988; Schroeder, 1975), or reduce the efficiency of removal of these parameters (Reed 
and Bastian, 1980). It has also been claimed (e.g. Dinges, 1973. Uhlmann, 1967) that 
zooplankton can also make a significant contribution to BOD and suspended solids removal 
via flocculation and filtration of organic and inorganic material. However, these studies did 
not always monitor zooplankton numbers or correlate seasonal fluctuations in zooplankton 
population density with effluent quality. In some cases (e.g. Dinges, 1973), the observed
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fluctuations in effluent quality could not definitely be connected to the effects of the 
zooplankton.
There is very little specific discussion in the literature on metal removal except from 
anaerobic lagoons (Mara and Mills, 1994). It is assumed that any removal occurs by 
precipitation and microbiological activity (Reed et ah, 1988). The pH value of the water will 
be very important as it affects the solubility of the metal hydroxides and the kinetics of the 
oxidation and hydrolysis processes. Metallic ions tend to precipitate as hydroxides at high pH 
values (Moshe et a l, 1972). The relationship between pH and metal removal is extremely 
complex as it is different for each metal and for biotic and abiotic processes. The availability 
of dissolved oxygen will affect oxidation processes and microbial activity. Heavy metals that 
are present may be associated with the suspended solids via adsorption to their surfaces.
Discussion
Little work has been reported in the literature on the mechanism of removal of BOD in 
tertiary lagoons, and it is clear that research is required to develop a better understanding of 
BOD and COD removal in tertiary lagoons. Attention must be paid to the fact that an algal 
bloom can cause severe problems by increasing the BOD and suspended solids in the lagoon 
effluent. Methods of controlling suspended solids using zooplankton and fish have been 
discussed by several authors, but there can be problems. There is no discussion at all in the 
literature of mechanisms or percentage removals of heavy metals from tertiary lagoons. High 
concentrations of heavy metals in wastewater are a long-term significant threat to human 
health if the water is reused for agricultural purposes, therefore research in this area is 
essential. The use of wetlands and land application may be important if lagoons are found to 
be unable to produce an effluent with low concentrations of heavy metals. Methods of 
upgrading lagoon effluent have been discussed by Middlebrooks (1995) and Middlebrooks 
et al. (1982), but it would obviously be preferable to achieve an acceptable effluent quality 
using only lagoons in order to avoid the extra costs that an additional process would entail.
Table 1 shows percentage removals from tertiary lagoons reported in the literature for BOD, 
COD and suspended solids in a number of countries around the world. Wide variations in 
performance can be seen.
Table 1. Performance for BOD, COD and Suspended Solids Removal from Tertiary Lagoons
World-wide
Country Author Retention time/ 
days
% Removal 
BOD or COD
% Removal 
Suspended Solids
Africa Tanzania Yhdego, 1992 8 BOD:32 30
Kenya Grimason e t a l ,  1996 3 BOD:83
Morocco Mandi e t a l , 1993 7 COD: 45-58 28-42
Tunisia Ghrabi e t a l ,  1993 BOD:65-72/COD:40-50 23-49
S. Africa Wrigley and Toerien, 1990 37 COD: 73
Middle East Israel Pedahzur e t a l ,  1993 BOD: 42-72
Egypt El-Gohary e ta l ,  1993 BOD:51/COD:57 64
Asia India Chalpati Rao e ta l ,  1981 BOD: 50-85
Thailand Polprasert et a l , 1983 20 BOD:57/COD:40 30% increase
Australia Mitchell and Williams, 1982 17.5 BOD: 77.1 82
Europe France (N) Schetrite and Racault, 1995 COD: 61-67 73-81
France (S) Picot e t a l ,  1992 4 0 -7 0 COD:54 37
Portugal Mendes e t a l ,  1995 BOD:25/COD:3 17
UK Toms e t a l ,  1975 3 BOD: 66
Americas Cayman Islands Frederick, 1995 3 BOD: 11-29
Brazil Dixo e t a l ,  1995 15 BOD: 2-13 4-12.8
Arridge e t a l ,  1995 BOD: 62
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Nitrogen and Phosphorus Removal
There is still some disagreement over the mechanisms responsible for the removal of nitrogen 
in lagoons. It is generally agreed that nitrification and denitrification do not play a major role 
because of the lack of sufficient surface area for the attachment of the necessary bacteria and 
the low concentrations of nitrate (Mara and Pearson, 1986; Reed, 1985; Ferrara and Avci, 
1982; Stone et a l, 1975). However, Santos and Oliveira (1987) did conclude that nitrification 
was occurring in a tertiary lagoon in Portugal due to the increased concentrations of nitrite and 
nitrate and decreased concentrations of ammonia. Muttamara and Puetpaiboon (1996) also 
report increased ammonia removal when baffles were used to increase the surface area for 
biofilm attachment, but concluded that ammonia volatilisation was important when there were 
long hydraulic retention times. Denitrification in the sediment is theoretically possible if there 
is an anoxic environment, but these conditions should not occur in tertiary lagoons. However, 
Toms et a l (1975) found that there was a marked decrease in the amount of nitrate removal 
by algal uptake from 93 percent to only 17 percent during the months of peak algal activity 
between May and August, and concluded that the remainder of the decrease in nitrate 
concentration must be accounted for by denitrification. In laboratory experiments using 
aerated sewage effluent, they found that denitrification only took place in the presence of 
lagoon mud, which was found to contain the denitrifying bacteria Pseudomonas sp. and the 
nitrate reducer Clostridium perfringens. McKinney (1976) found that 20 to 60 percent of the 
cell mass that settles out will not be biodegradable, but King (1978) found that only about 10 
percent of nitrogen removal was due to uptake by aquatic plants in a lagoon system in the US. 
Reed (1985) also points out that four studies of lagoon systems in the US carried out by the 
EPA (Bowen, 1977; Hill and Shindala, 1977; McKinney, 1977; Reynolds et a l, 1977) could 
not identify “a clear relationship between periods of algal growth and nitrogen removal”.
Several studies have concluded that ammonia volatilisation is the main pathway for 
permanent nitrogen removal from lagoons (Soares et a l, 1996; Silva et a l, 1995; Reddy, 
1983; Pano and Middlebrooks, 1982; King, 1978). For volatilisation to take place, warm 
temperatures and pH values greater than 10 are needed, and these conditions can occur near 
the surface of a pond. The high pH is caused by the uptake of C 02 by algae during 
photosynthesis. The long retention time in some lagoons means that even if conditions are 
not optimal, volatilisation could still be important in the long-term. Reddy (1983) carried out 
tracer studies using an ammonium isotope (15NH4+), and found 53 percent unaccounted for, 
with 21 percent still in the liquid, 21 percent was in the sediment, and 5 percent went to algal 
biomass. It was therefore concluded that the percentage that could not be accounted for had 
been lost by volatilisation. Analysing results from three pond systems in the US, Pano and 
Middlebrooks (1982) found that there was more than 90 percent removal of ammonia even at 
pH values of 7 - 8. They state that, in a well mixed lagoon, ammonia volatilisation will be the 
major nitrogen removal process particularly at low temperatures when biological activity 
decreases. Ammonia volatilisation was found to decrease slightly above 20 °C, possibly due 
to thermal stratification and hence poor mixing. This contradicts the findings discussed 
previously, but other researchers (Ferrara and Avci,1982; McKinney, 1977,1976), have 
concluded that volatilisation is not the major pathway for nitrogen removal from tertiary 
lagoons. A fully mixed flow model was developed by Ferrara and Harleman (1978) to 
evaluate the relative importance of ammonia volatilisation, organism uptake and 
sedimentation in nitrogen removal from lagoons. Ferrara and Avci (1982) applied this model 
and found that the main mechanisms of nitrogen removal was sedimentation of organic
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nitrogen via biological uptake. This model was based on data from the same lagoon systems 
as studied by Pano and Middlebrooks, but produced a contradictory result. Reed (1985) also 
used data from the same three pond systems to develop a model for the fate of nitrogen. 
However, he found it impossible to determine whether sedimentation or volatilisation is the 
main route for removal due to the complexity of the interactions in the biochemical pathways. 
It was thought it may be possible for volatilisation to dominate during the warm summer 
months, and deposition during the winter.
Toms et al. (1975) found that there was little phosphorus removal in tertiary lagoons where 
there was little algal growth. This was also the conclusion of Mara and Pearson (1986) and 
Houng and Gloyna (1984), although Toms et a l found that, at times, up to 80 percent of 
phosphorus loss could be accounted for by the precipitation of hydroxyapatite (Ca^POJsOH), 
which will not re-dissolve. This occurs at pH values of 8 and above, although it will not occur 
in areas of very soft water, where there are very low calcium concentrations. Mara and 
Pearson (1986) however, believed sedimentation of organic phosphorus as algal biomass to be 
more important. They also pointed out that the estimates of the amount of organic phosphorus 
in the water column, based on estimates of the amount of algal biomass, may be doubly 
inaccurate. This is due to the errors associated with the estimates, but more importantly, it is 
due to the significant variation in the amount of phosphorus in the cells of the different algal 
species.
From the results of a study of small laboratory scale ponds, Houng and Gloyna (1984) 
suggested that increasing the number of tertiary lagoons provided the most effective treatment 
for phosphorus recycling and removal since progressively more phosphorus becomes 
immobilised in the oxidised surface layers of the sediments in these lagoons. This proposal 
was supported by their findings, which suggest that release rates for phosphorus were 25 to 50 
times faster from the sediments of anaerobic and facultative lagoons than from tertiary 
lagoons. Grizzard et al. (1982) also found that aerobic conditions in the sediment reduced the 
amount of phosphorus released back into the water column. The amount of soluble 
phosphorus released into the water from the sediment depends on the capacity of the sediment 
to adsorb and desorb inorganic phosphorus from solution, the mineralisation of organic 
phosphorus and simple diffusion of phosphate (Reed et a l, 1988). Reed et al. (1988) state that 
the release of phosphorus from the sediment will occur at high pH values, under anaerobic 
conditions, and when the phosphorus concentration in the water is lower than that of the 
sediment. The presence of iron, aluminium and calcium at high concentrations in the 
sediment will enhance the adsorption of phosphorus.
It has also been proposed that there is cycling of both nitrogen (for example, Reed, 1985) and 
phosphorus compounds (for example, Houng and Gloyna, 1984) between the water column 
and the lagoon sediment. Some will be deposited directly by sedimentation of particulates 
entering the lagoon in the influent, and others through the sedimentation of biomass. 
However, not all of the compounds will be non-biodegradable, and there will therefore be 
some re-entry of nutrients into the water column. The “turn-over” of lagoons in temperate 
climates in the spring and autumn which will effectively mix the sediment with the water 
column. There will obviously be some accumulation in the sediment of the non- 
biodegradable fraction.
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Discussion
The removal of phosphorus from tertiary lagoons is not well understood, and the interaction 
between biological uptake and precipitation at high pH values needs to be investigated. The 
errors associated with estimating the algal biomass, and the variation in the amount of 
phosphorus in the cells of different algal species, also need to be investigated in more depth.
It is thought unlikely that nitrification and denitrification play an important role in the 
removal of nitrogen in lagoons. Denitrification has been shown to be possible in the sediment 
at the bottom of the lagoons (Toms et a l, 1975), but since the surface area in contact with the 
water in the lagoon is low, this removal mechanism is not very significant. Most work centres 
on the relative importance of volatilisation of ammonia and the sedimentation of organic 
nitrogen via biological uptake. Several studies have concluded that volatilisation is the main 
pathway for nitrogen removal from lagoons at high temperatures and high pH. However, 
Pano and Middlebrooks (1982) found that it was most important at low temperatures when 
there was little biological activity, and Ferrara and Avci (1982) found that even at high pH 
values, volatilisation was minimal and sedimentation was the main removal pathway. Since 
high pH and high temperature are both related to the climate, more research is needed to 
discover whether this is the factor which determines which of the two mechanisms is 
predominant. A problem with all the studies is that it is almost impossible to actually 
quantify the amount of nitrogen that follows each removal route in the field. The work by 
Reddy (1983), where the fraction of nitrogen following each route was measured using a 
tracer, has attempted this. Other studies have had to use the concentration of ammonia in the 
inlet and outlet of the lagoons, and developed models for ammonia volatilisation based on a 
first order rate equation. Outside of the laboratory this problem will be difficult to overcome.
Table 2 shows the percentage removals quoted in the literature for tertiary lagoons around the 
world for ammonia and phosphate, and again shows a wide variation in performance.
Table 2. Performance for Ammonia and Phosphate Removal from Tertiary Lagoons
World-wide
Country Author Retention time/ 
days
% Removal 
Ammonia
% Removal 
Phosphate
Africa Tanzania Yhedego, 1992 8 62
Kenya Grimason et al, 1996 3
Morocco Mandi et al, 1993 7 54-72 78
Tunisia Ghrabi et al, 1993 53 87
S. Africa Wrigley and Toerien, 1990 37.5 82 48
Asia Thailand Polprasert et al, 1983 20 100 25
Australia Mitchell and Williams, 1982 17.5 83 56
Europe France (N) Schetrite and Racault, 1995 Total N:35-62 Total P:45-65
France (S) Picot eta l, 1992 4 0 - 7 0 20 20
Portugal Mendes eta l, 1995 22 31
UK Toms et al, 1975 3 0-80
Americas Cayman Islands Frederick, 1995 3
Brazil Oragui et al, 1995 96
Dixo et al, 1995 15
Silva et al, 1995 73-92
PATHOGEN REMOVAL MECHANISMS IN TERTIARY LAGOONS
Most of the work on pathogen removal in lagoons has concentrated on the removal of the 
bacterial indicator organisms, E. coli and faecal coliforms, as they can be rapidly and reliably
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identified and enumerated, but there has been very little work to investigate whether these 
results will be the same for pathogenic organisms such as viruses and intestinal parasites. 
Work carried out by Mezrioui et al. (1995, 1994) and Lesne et al. (1991) found that Vibrio 
cholerae and E. coli survive differently under the same conditions. Mezrioui et al. found that 
during the summer months when there were high temperatures and a lot of algal activity, 
resulting in high pH, V. cholerae populations actually increased, whereas E. coli populations 
decreased. In untreated wastewater, the survival of V. cholerae was almost exclusively 
correlated to temperature. Roberts et al. (1984) found that the number of V. cholerae 
increased as a function of temperature, and in treated wastewater, the correlation between 
V. cholerae and pH increased significantly. Nair et al. (1988), Colwell (1986) and Huq et al.
(1984) showed that alkaline pH in estuary waters enhanced the survival of V. cholerae. 
Mezrioui et al. (1995) also found that sunlight had a much greater effect on E. coli survival 
than on V. cholerae. The contrast in the behaviour of the organisms could be due to a 
difference in their reaction to sunlight. Curtis ef al. (1992) suggested that the damage to the 
cytoplasmic membranes of bacteria caused by sunlight could make the organisms more 
sensitive to the effects of other factors such as high pH. Since V. cholerae actually survive 
better at high pH values, the organisms may therefore be less sensitive to sunlight. Overall, 
the results of the work by Mezrioui et al. (1995, 1994) show that a great deal of caution needs 
to be used when assessing the health risks of wastewater based on information on faecal 
pollution indicators alone.
Bacterial Removal
Temperature
Much of the earliest work on bacterial removal assumed that temperature was the most 
important factor controlling the removal mechanism, as described by the equation developed 
by Marais and Shaw (1961). Many subsequent workers, such as Klock (1971), Bowles et al. 
(1979) and Ferrara and Harleman (1981) also concentrated on first order kinetics in which the 
removal rate is temperature dependent. Most recent work has considered bacterial removal as 
a much more complex mechanism involving interactions between the physical, chemical and 
biological systems present in the lagoon, although temperature clearly remains an important 
parameter. For example, Mezrioui et al. (1995), Mara et al. (1992), Barzily and Kott (1991), 
Pearson et al. (1987) and Polprasert et al. (1983) all found that removal of faecal coliforms 
increased with increasing temperature. However, Mara and Pearson (1986) pointed out that 
the relationship between die-off and increasing temperature must be indirect, since high levels 
of removal were found in tertiary lagoons in comparison to anaerobic and facultative lagoons 
operating at the same temperature.
Algal Toxins
Some researchers (Mezrioui et a l, 1994; Davis and Gloyna, 1972; Levina ,1964) have 
suggested that certain algae produce substances which are toxic to bacteria. Mezrioui et al.
(1994) suggested that Cyanobacteria secrete a substance that is toxic to E. coli, and Chlorella 
secrete a substance that is toxic to Vibrio cholerae. However, very little work was done to 
identify what the toxins secreted by the algae actually were. Toms et al. (1975) also 
investigated the possible secretion of toxins by algae by incubating samples of lagoon influent 
water with either water rich in algae or with relatively pure water in the dark or light. They 
found that bacteria in the samples mixed with purer water were killed more rapidly than the 
samples where algae were present, presumably due to the shielding of the bacteria from the
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light by the algae. They concluded that there was no evidence of the production of bacterial 
toxins by algae, and this was supported by the work of Mayo and Noike (1994) on the 
survival of heterotrophic bacteria in lagoons.
Predation and Starvation
There is very little work in the literature related to the effects of predation and starvation on 
bacterial removal in tertiary lagoons. Pretorious (1962) found that coliphage play an 
important role in E. coli removal from lagoons. Fernandez et a l (1992) also concluded that 
predation and competition were extremely important in the removal of faecal coliforms. As 
part of a large study to model the removal of faecal coliforms, Troussellier et a l (1986) 
investigated the effects of grazing by rotifers and of BOD loading. They found that neither 
factor had a significant direct effect on removal, and this was also the conclusion of Mayo
(1995), Mayo and Gondwe (1989), Mills et a l (1992) and Skerry and Parker (1979). 
However, Gann et a l (1968) found that coliform removal was closely associated with the 
removal of BOD, and suggested that coliforms are unable to compete with other bacteria for 
nutrients. Saqqar and Pescod (1992) also found that the faecal coliform removal rate 
increased with decreasing BOD. Mayo and Noike (1996) found that at high temperatures, the 
number of heterotrophic bacteria decreased in lagoons because of increased competition for 
glucose by Chlorella vulgaris.
Retention Time
The effect of retention time in lagoons on bacterial removal is an area which is not discussed 
widely in the literature. Oragui et al. (1987) demonstrated that the retention time of 
wastewater in the lagoons was very important in determining the treatment performance in a 
system. They showed that increasing retention time lead to increased bacterial die-off. 
Rângeby et al. (1996) concluded that retention time was the most important factor since it 
allows other changes in the lagoon environment, such as pH, temperature, etc. to affect 
bacterial die-off. However, Troussellier et al. (1986) found that when the retention time was 
at a m inim um  because of increased flows due to the influx of tourists to the area in the 
summer, the removal rate for faecal coliforms was maximum despite an inadequate treatment 
period in the lagoons. They concluded that other factors must therefore be involved in the 
removal mechanism. Pearson et al. (1996) found that increasing the depth of a tertiary lagoon 
in order to increase the retention time lead to decreased removal efficiencies for faecal 
coliforms.
Light, pH  and Dissolved Oxygen
Parhad and Rao (1972) carried out some of the first work linking pH and bacterial removal. 
They kept two flasks containing sterilised sewage inoculated with a mixture of E. coli and 
Chlorella (the most common algae found in lagoons) at room temperature and under artificial 
light. One flask was buffered at pH 7.5 and the other remained unbuffered. The pH in the 
unbuffered flask increased as high as 10.4 and the E. coli were completely removed, whereas 
in the buffered flask, there was no removal. Since all factors other than the pH were the same 
in both flasks, it was concluded that the increase in the pH value due to algal growth was 
responsible for the elimination of the E. coli. Other workers (James, 1987; Pearson et a l, 
1987; Him et a l, 1980; Metcalf and Eddy, 1979) have defined pH values ranging from 9 to 
9.5 as the lethal level for bacteria, and that this pH was the main or even sole factor affecting 
the die-off of faecal coliforms. However, Fernandez et al. (1992), Gambrill et al. (1992), de
Oliveira (1990) and Trousselier et a l (1986), among others, found that lagoons function 
perfectly well with respect to faecal coliform removal without ever reaching these critical pH 
values. Trousselier et al. (1986) also found that sunlight, pH and algae accounted for 77 to 88 
percent of the variations in the numbers of faecal coliforms present in the lagoons they 
studied. Mayo (1995) found poor correlation between pH and faecal coliform die-off, 
suggesting that factors other than pH were controlling removal.
Parhad and Rao (1972) also carried out one of the first investigations into the effect of light on 
E. coli. They exposed flasks containing sterilised sewage which were inoculated with algae 
and E. coli to differing intensities of light. They found that the greater the intensity of the 
light, the faster the E. coli were eliminated. However, surprisingly, they concluded that light 
did not have an effect on the removal of the bacteria. The growth of the algae was directly 
proportional to the light intensity, and the higher the growth rate of the algae, the faster the 
bacteria were eliminated. Light was also completely discounted as an important factor in 
bacterial removal by Pearson et a l (1987) as they found that there was very little removal at 
the surface of ponds with low pH and dissolved oxygen even at high light intensities. They 
also found that when they compared two ponds in parallel with the same design receiving the 
same wastewater, the very clear pond, with low dissolved oxygen and pH, had poor faecal 
coliform removal, while the other pond, which was very turbid, had a high pH and dissolved 
oxygen, and a better faecal coliform removal rate. The model developed by Polprasert et al 
(1983) from the results of a series of laboratory, pilot-scale and full scale experiments related 
light to bacterial die-off through the concentration of algal biomass, as well as to temperature 
and influent COD load. The authors found a strong correlation between the actual and 
calculated values for total coliform and faecal coliform removal.
Ultraviolet light is known to kill or inactivate bacteria, even those which are resistant to 
antibiotics. Meckes (1982) reported that total coliform isolates resistant to streptomycin, 
tetracycline and chloramphenicol were killed or inactivated by UV radiation. Fujikoka et a l 
(1981) and Kapuscinski and Mitchell (1983) have reported that visible light can also kill or 
inactivate coliforms. Moeller and Calkin’s paper (1980) is very much quoted in the literature, 
and suggested that the amount of UV-B light (X = 290 - 320 nm) is very important in the 
destruction of coliform bacteria. They found approximately 99 percent reduction in the 
number of faecal coliforms in the effluent from a set of four lagoons in series. Since the pH 
rarely exceeded 8.5, which is below the postulated critical pH of 9, they concluded that this 
factor was unlikely to be of significance to coliform survival at this site. They discounted as 
insignificant all factors except UV-B, pond depth and mixing.
Curtis et a l (1994) carried out a study to characterise the optics of lagoons and to discover the 
nature and cause of spectral and inter-pond variations in light penetration. They found that 
relatively little UV light can penetrate the water in lagoons because of the absorbance of 
gilvin (dissolved humic matter), algae and tripton (inanimate particulate matter). They point 
out that gilvin is known to be present in sewage and lagoons and absorbs strongly in the UV 
(Curtis, 1990; Haag et a l, 1986; Draper and Crosby, 1983). Tripton, which is made up of 
inert particulate matter, absorbs less light than gilvin, but has a similar absorption spectrum. 
Since algae are photosynthetic, they contain large amounts of pigments, which will block the 
penetration of light. The wavelengths used in the UV-lamps in disinfection units are shorter 
than those found in sunlight, and will therefore be more effective at removing bacteria than 
sunlight (Curtis et al, 1992b). Curtis et a l (1994) also point out that Mara and Pearson
(1986) state that algae are found in all tertiary lagoons, and Curtis (1990), Haag et a l (1986) 
and Draper and Crosby (1983) found that the concentration of gilvin is approximately the
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same in raw sewage and wastewater all over the world. Therefore, Curtis et a l (1994) believe 
that their finding that UV light will have very little effect on bacterial removal due to the low 
level of penetration is applicable to lagoons world-wide.
It has been found that humic substances found in all wastewaters absorb light of all 
wavelengths from 280 - 700 nm, and pass the energy to oxygen (Haag and Hoigné, 1986; 
Wolff et a l, 1981; Zepp and Cline, 1977). This causes the formation of singlet oxygen, 
hydrogen peroxide and probably superoxide and hydroxyl radicals which have been shown to 
damage or kill bacteria and algae. Workers (Peak et a l, 1983; Webb and Brown, 1979; 
Chamberlin and Mitchell, 1978; Tyrell, 1976; Webb and Lorenz, 1970) found that the damage 
to faecal coliforms caused by near UV and visible light was dependant on the presence of 
oxygen, in a process called photo-oxidation.
Photo-oxidation was found to operate synergistically with high pH values (Curtis et a l, 
1992a). Two possible explanations are that the pH either decreases the resistance of the 
organisms to the effects of light or the raised pH increases the production of toxic forms of 
oxygen. However, although the absorbance of lagoon filtrates increases with increasing pH, 
Haag et a l (1986) and Zepp et a l (1981) found that there was little or no change in the 
production of singlet oxygen over the range of pH values in lagoons. The toxic forms of 
oxygen may damage the cytoplasmic membrane, thus allowing hydroxyl ions to enter. This 
would cause an increase in the internal pH of the faecal coliforms and therefore prevent 
growth of the bacteria. It was shown by Curtis (1990) that the more penetrating, longer 
wavelengths, i.e. those greater than 440 nm, cannot damage faecal coliforms at pH values of 
less than 8, and the absorbance by the humic substances decreases rapidly as the wavelength 
increases. Curtis et a l (1992) found that oxygen alone could not cause damage to faecal 
coliforms. Mayo (1995) found that there was very poor correlation between the concentration 
of dissolved oxygen and faecal coliform mortality, which may have been due to the large 
number of samples whose pH was below 8. There must obviously be a balance between the 
impact that humic substances have as photosensitizers and their ability to attenuate light. 
Webb and Malina (1967) showed that visible light is mutagenic in E. coli without the 
presence of an external sensitizing agent. It is thought possible that compounds within the 
bacteria itself, such as porphyrins, maybe acting as the photosensitizer (Peak et a l, 1987; 
Sammartano et a l, 1986; Whitelam and Codd, 1986). Webb and Lorenz (1970) also showed 
that photo-oxidation caused inactivation of E. coli by damaging DNA.
The work by Curtis et a l (1992a and b) and Dixo et a l (1995) suggests that it is unlikely that 
the models developed by Sarikaya and Saatci (1987) and Mayo (1989) relating pond 
performance to light alone would be satisfactory. The linear relationships between light and 
faecal coliform removal obtained from the laboratory experiments may have only been 
obtained because the pH and dissolved oxygen concentration were kept constant. It is very 
unlikely that both of these conditions would remain constant in a real lagoon. The findings of 
Pearson et a l (1987) that pH rather than light is the main factor influencing the removal of 
bacteria (discussed above) could be explained by the synergistic relationship between photo­
oxidation and high pH. High dissolved oxygen concentrations and high pH values are needed 
for photo-oxidation to take place at a high rate.
Several authors, including Mayo (1995,1989), Saqqar and Pescod (1992), Sarikaya and Saatci
(1987), Mara and Silva (1979) and Toms et a l (1975) agree that lagoon depth will have a 
significant effect on the die-off of faecal coliforms; die-off decreases with increasing depth. 
This is obviously due to greater light penetration in shallower lagoons. Deep lagoons are also
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more likely to have anaerobic zones which have been shown by, among others. Marais (1974) 
and Moeller and Calkins (1980) to enhance bacterial survival. However, Mills et a l (1992) 
found that there were higher removal rates in the anaerobic and facultative lagoons than in the 
tertiary lagoons when they studied lagoon systems in Kenya. They suggested that this may be 
due to sedimentation in the primary lagoons leaving only the most resilient bacterial species to 
reach the tertiary lagoons.
Discussion
There is much debate in the literature on the mechanisms of bacterial removal, and there are 
conflicting results on the contribution of algal toxins, predation, starvation, temperature and 
retention time, as discussed earlier in this section. These are therefore areas where more 
research is required. One of the most contentious areas under investigation, discussed in 
section 3.1.5, is the effect of light, with some workers discounting it completely (Pearson et 
a l, 1987; Parhad and Rao, 1972), while others have concluded that it is the most important 
factor (Curtis et a l, 1992; Moeller and Calkin, 1980). However, the actual mechanism of 
bacterial removal by light is still to be elucidated. The results of the study carried out by 
Curtis et a l (1994) showed that Moeller and Calkin’s conclusion that UV-B has a low 
attenuation coefficient is unlikely, and it is more probable that bacterial removal is related to 
visible light. More work is needed to investigate the relationship between pH, dissolved 
oxygen concentration, light and lagoon depth. This area is particularly important, as tertiary 
lagoons are used primarily for pathogen removal. There is also the potential for conflict 
between the need for long retention times and shallow pond depths to ensure good bacterial 
removal, and the resulting increase in algal biomass leading to high concentrations of BOD 
and suspended solids in the effluent. The importance of light also raises questions about the 
suitability of lagoons in temperate and cold regions for providing pathogen removal. The use 
of faecal coliforms and E. coli as indicators of pollution needs to be reconsidered in the light 
of the results discussed at the beginning of the section. They have been shown by several 
authors not to be good indicators of viral or intestinal parasite pollution (Feachem and Mara, 
1978).
Virus Removal
Although good removal rates have been reported, very little work has been carried out to 
investigate the actual mechanisms of virus removal in lagoons. Most workers agree that the 
association of viruses with solids in wastewater is one of the most important factors (Lewis 
et a l, 1986; Ohgaki et a l, 1986; Feachem et a l, 1983; Chalpati Rao et a l, 1981; Bitton, 
1980,1975; Berg, 1973). Vasl and Kott (1982) and Wellings et a l (1976) have reported 60 to 
100 percent of viruses are adsorbed onto solids. If these solids plus viruses are removed, then 
treatment will be very effective. The adsorption of viruses on to solids is affected by a 
number of factors, including pH and conductivity (particularly of a cationic nature) (Bitton, 
1980, 1975), and sunlight and dissolved oxygen (Ohgaki et a l, 1986). Funderburg et a l 
(1978) also found that high pH contributed to polio virus inactivation.
Ohgaki et a l (1986) found that under the aerobic conditions created by photosynthesising 
algae, coliphage adsorbed to solids, particularly microbial solids. Desorption occurred under 
anaerobic conditions. The use of coliphage and other bacteriophage as indicators of the 
survival of pathogenic viruses has been discussed and demonstrated by several authors, 
including Frederick and Lloyd (1995) and Scarpino (1978). Removal of phage was observed 
by Frederick and Lloyd (1995) at high pH, and they concluded that photo-oxidation was also
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important. These findings agree with those of Funderburg et a l (1978) who found a good 
correlation between high pH, chlorophyll a and poliovirus removal. Prolonged exposure of 
viruses to temperatures between 20 and 40 °C was shown by Kruse (1971) and Berg (1966) to 
cause viral inactivation. Ward (1977) also reported that ammonia is a good virucide, and its 
activity is highest at pH values above 8. Chalpati Rao et a l (1981) also thought it probable 
that other algal-bacterial virucidal activity that has not yet been elucidated will be taking place 
in lagoons. Lagoons ought to provide good conditions for virus removal as they usually have 
long retention times and expose viruses to micro-organisms, adsorptive solids and possibly 
noxious chemicals. However, the removal rates reported are very erratic, and range from 96 
percent to zero.
More work is obviously needed on the mechanisms of virus removal in tertiary lagoons. For 
this to be possible, the cost and difficulty of analysis need to be reduced.
Intestinal Parasite Removal
Very little work at all has been carried out on intestinal parasites. This may partly be due to 
the problems associated with accurately determining the numbers of two of the groups of 
protozoan species of particular interest; Cryptosporidium spp. and Giardia spp. Brightfield 
microscopy has for a long time been the most accurate method, but this relies on being able to 
identify the cysts among the other particles present in samples of lagoon water.
Sedimentation of cysts and eggs is the only mechanism so far proposed for removal in 
lagoons (Dixo et a l, 1995; Ayres, 1992). The long retention times in many lagoons have 
produced very high efficiencies, for example, Saqqar and Pescod (1992b) found up to 100 
percent removal of nematode eggs from lagoons in Jordan. However, the percentage 
removals reported vary greatly; between zero and 100 percent. They also point out that 
although much work has been carried out on sedimentation theory, no comprehensive 
solutions to the problems of sedimentation have yet been found. Sedimentation in lagoons is 
more complicated than in small reactors, as there are more factors influencing conditions, and 
few of these are under the control of the operator.
Bartone et a l (1985) found that thermal stratification and sludge accumulation will increase 
the potential for short-circuiting and thus reduce the hydraulic retention time and allow the 
rapid transport of viable pathogens through lagoons. (Trimason et a l (1993) stated that 
important factors in determining the rate at which protozoan parasites settle in a lagoon 
system include the terminal settling velocity of the parasite, temperature inversion, methane 
bubbling and sediment disturbance. Even if high sedimentation rates are achieved, the 
parasites cysts or eggs can survive for long periods in the sediments. Feachem et a l (1983) 
suggest that Ascaris eggs can survive for over a year. Therefore, anything which disturbs the 
sediment, such as high flows during the inflow of storm water or thermal ‘turn-over’ of the 
lagoon, can potentially cause the release of high concentrations of parasites into receiving 
waters.
It is clear that before work to understand the mechanisms of removal of intestinal parasites 
can proceed further, the problems of detection and quantification need to be resolved.
Table 3 shows the percentage removals quoted in the literature for tertiary lagoons around the 
world for faecal coliforms, viruses and intestinal parasites. Very wide variations in 
performance are again seen.
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Table 3. Percentage Removal of Faecal Coliforms, Viruses and Intestinal Parasites from
Tertiary Lagoons World-wide
Country Author Retention time/ 
days
% Removal 
FC
% Removal 
Viruses
% Removal 
IP
Africa Tanzania Yhdego, 1992 8 90.8
Kenya Grimason et a l , \ 996 3 89.5
Ayres et a l ,  1993 27.6 H.-99.96-100
Morocco Lesne et a l ,  \ 99 \ 73-95 VC:9.5-90
Mandi et a l ,  1993 7 99.6 H:100
Mezrioui et a l ,  1995 7.5 74.4-84.3
Tunisia Ghrabi et a l ,  1993 99.97
S. Africa Jagals and Lues, 1995 3 99.99 H :99.9999
Middle East Israel Pedahzur et a l , 1993 90
Asia India Chalpati Rao et a l ,  1981 78-95
Veerannan, 1977 H:38.5-100
Thailand Polprasert et a l , 1983 20 88
N ew  Zealand Turner and Lewis, 1995 92->99.9
Australia Macdonald and Emst, 1986 16 98.8-99.96
Macdonald and Emst, 1986 3 100
Europe France Picot et al ,  1992 4 0 - 7 0 99.95
Wiandt et a l ,  1995 G: 9 9 .7 -1 0 0
Portugal Mendes et a l ,  1995 96.5
UK Toms et a l ,  1975 3 40->90
Americas Cayman Islands Frederick, 1995 3 66-79
Peru Yanez et a l ,  1980 5.5 100
Brazil Dixo et a l ,  1995 15 83.5-95.3
Oragui et a l ,  1995 91-100
Oragui et a l ,  1993 VC:62.5-100
Mara and Silva, 1986 9.8 H: 87-100
Arridge et a l , 1995 99.99
VC Vibrio cholerae H Helminth G Giardia
CONCLUSIONS
• There is very little information in the literature on the removal of COD, BOD, suspended 
solids and heavy metals from tertiary lagoons, and it is clear that research is required to 
develop a better understanding of these mechanisms. Since most of the BOD and COD is 
solids related, to improve the removal of these parameters, it will obviously be important to 
minimise the production of new suspended solids and to improve the removal of those 
solids entering the lagoon.
• The main mechanisms of nitrogen removal in tertiary lagoons are thought to be 
volatilisation of ammonia and sedimentation of organic nitrogen via biological uptake. 
However, it is not known under what conditions each of the mechanisms is dominant.
• Most workers have found very little phosphorus removal in tertiary lagoons. The 
mechanism of removal is not well understood, and more work is needed to investigate the 
relationship between biological uptake and precipitation at high pH values.
• There is still much debate on the mechanisms of bacterial removal, and conflicting results 
on the contribution of the different physical and chemical factors involved. The main 
factors are thought to be light, dissolved oxygen and pH. More work is needed to 
investigate the contribution of algal toxins, predation, starvation, temperature and retention 
time, and the relationship between pH, dissolved oxygen concentration, light and lagoon 
depth.
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• More research also needs to be carried out on virus and intestinal parasite removal. The 
problems of detection and quantification of these pathogens also need to be resolved.
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ABSTRACT
Tertiary lagoons, or maturation ponds, have generally been viewed as an effective and 
low-cost method of removing pathogens from wastewater. Their low operation and 
maintenance costs have made them a popular choice for wastewater treatment, 
particularly in developing countries since there is little need for specialised skills to run 
the systems. This paper provides a critical review of the literature on modelling 
approaches which have been, or could be, used for the design of tertiary lagoons. The 
majority of lagoons in use today have been designed using equations developed by Marais 
and Shaw (1961) which are based on first-order kinetics for the removal of faecal 
coliforms. However, it has been recognised by a number of authors that bacterial 
removal is extremely complex and does not depend on temperature alone. Equations 
have been developed more recently which use the dispersed flow equation of Wehner and 
Wilhelm (1956), and include, for example, terms for UV light, algal concentration and 
the light attenuation coefficient. These equations are difficult to use for the design of new 
lagoons as they require an estimate of the dispersion coefficient as well as all the other 
parameters. It is also impossible to gain a greater understanding of the hydraulic regime 
of a system. Computational fluid dynamics modelling is therefore proposed as a more 
practical approach to lagoon modelling and design, and the models developed so far for 
this application are reviewed. This method is based on the Navier-Stokes non-linear 
conservation equations for mass, momentum and energy.
Key words - computational fluid dynamics, mathematical modelling, maturation ponds, 
tertiary lagoons
INTRODUCTION
The treatment of wastewater in lagoons exploits the physical and biochemical interactions that 
occur naturally in aquatic systems to remove pathogens, biochemical oxygen demand (BOD), 
ammonia, nitrates, suspended solids and phosphates. There are three types of non-aerated lagoon 
currently in use around the world; anaerobic lagoons, facultative lagoons and tertiary lagoons, 
which are also described as aerobic or maturation ponds. During this century lagoons, or 
wastewater stabilisation ponds, have been widely used for primary, secondary and tertiary 
treatment. There are now many thousands of systems in use all over the world. In north America 
alone, the US EPA (1983) reported that there were around 7000 lagoons in use. Wastewater reuse 
is becoming increasingly important world- wide, and safe reuse, particularly in irrigation, is 
dependant on adequate pathogen removal. The low operation and maintenance costs of tertiary 
lagoons coupled with the effective percentage pathogen removal reported in the literature (Mara et 
al, 1992; Pearson et a l, 1987) have made them a popular choice for wastewater treatment. In 
addition, there is little need for specialised skills to operate or maintain them.
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The advantages of lagoons for wastewater treatment are a result of their simplicity of design and 
operation. The main activity in the construction of a lagoon is earth-moving, and the initial capital 
investment is low. Several authors have concluded that lagoons are significantly less expensive 
than both conventional and some less conventional treatment methods (Oswald, 1995; Arthur, 
1983; Shelef, 1976, Gloyna, 1971). The operation and maintenance of lagoons is also simple. The 
flow scheme will be very straightforward, so the energy costs are low, and no expensive, complex 
equipment is needed. The routine maintenance basically involves cutting the grass on the 
embankments, keeping the inlets and outlets clear and repairing any damage to the embankments 
(Mara et al.9 1992), and these tasks do not require skilled workers. Lagoons are also a very robust 
method of treatment as their long hydraulic retention time means they can deal with both hydraulic 
and pollutant shock loads. They can be used to treat a wide range of industrial and agricultural 
wastes, as well as ordinary sewage. Oswald (1995) also promotes the use of sewage treatment 
lagoons for the production of algae which can be used in pisciculture or as animal feed. Feachem et 
al. (1983) showed that lagoons were considerably more efficient at removing bacteria from 
wastewater than conventional treatment processes.
This paper is concerned only with the various modelling approaches which have been used for 
tertiary lagoons. Tertiary lagoons are usually 1 to 1.5 m deep, and they may receive the effluent 
from either facultative lagoons or from conventional treatment processes. The primary function of 
tertiary lagoons in most parts of the world is the removal of pathogenic organisms, and the size and 
number of these lagoons will normally be determined by the required bacteriological quality of the 
final effluent; tertiary lagoons are usually designed solely for faecal coliform removal. Wide 
variations in the standard of performance of lagoon systems have been reported in the literature, as 
discussed in Maynard et al. (1999), although the vast majority of these systems were designed using 
the same equations developed by Marais and Shaw (1961). It is therefore imperative that this 
approach is reassessed in the light of the latest developments in the field.
MATHEMATICAL MODELLING
Designs Based on Chick's Law  -  The First Approach to Tertiary Lagoon Design
Most tertiary lagoons world-wide have been designed using the approach developed by Marais and 
Shaw in 1961 and extended by Marais in 1966, 1970 and 1974, working on ponds in South Africa. 
The theory behind the approach was based on the first-order kinetics with a constant value for the 
specific death rate of faecal bacteria, i.e. the first order rate constant. The theory is based on the 
following assumptions (quoted in abbreviated form from Marais, 1974):
1. The mixing in the lagoon is instantaneous and complete. This implies the 
concentrations in the whole lagoon and in the effluent are identical. Lagoons 
normally go through a daily cycle of gentle mixing and stratification due to wind and 
temperature effects. Relative to the retention time, lagoons can normally be assumed 
to be adequately mixed insofar as the kinetic relationships are concerned.
2. Reduction of bacteria takes place according to Chick’s Law, i.e.
T  '  <»
Where t = time in days
2
N
k
= concentration of faecal organisms per unit volume 
= temperature dependant constant (day"1)
The relationship between k and temperature is postulated to be:
kT = k2oeT"20 (2)
Where kT and k2o are the rate constants at temperature T °C and at 20 °C respectively 
and 0 is the dimensionless temperature coefficient for faecal coliform die-off.
1.19 is the value for 0 found by Marais (1974,1966). Mara et al. (1992) pointed out 
that Equation 2 gives a change in kT of 19 percent for every 1 °C change in 
temperature.
A model was developed based on these assumptions for a single, completely mixed pond. The 
steady state concentration of faecal coliforms in the effluent per 100 ml, Ne, is given by:
N* = ( Ï ÏS j (3)
Where N; = the concentration of faecal coliforms in the influent/100 ml
t = retention time (days)
In a series of identical ponds, the effluent quality from the n* pond in the series is given by:
No
N:
(l + kTt)" (4)
Equation 4 assumes that all the ponds are of the same size and hence have the same retention time, 
as Marais (1974) found that this was the most efficient configuration. Since t is the same for all of 
the ponds, kT can be calculated from Equation 2 and N; is known, the number of ponds needed to 
achieve the required Ne can be worked out. The value of T used in calculating kT is usually the 
temperature during the coldest month in the year in order to ensure performance all year round. 
Equation 4 changes slightly if the maturation lagoons are the last stage of a pond system 
incorporating anaerobic and facultative lagoons instead of conventional treatment.
Additionally, Marais (1974) found that in plug flow conditions, the effluent quality is given by:
Ne = Nje'kT (5)
Plug flow conditions are difficult to achieve, but Marais found experimentally and by calculation 
that these gave the highest removal efficiencies. A single, completely mixed lagoon gave the worst 
efficiencies, so he recommended a series of lagoons. He concluded that the efficiency of removal 
increases as the number of lagoons are increased. For example, he stated that in a single pond, up 
to 90 percent reduction could be achieved, but with two lagoons in series, up to 99.9 percent 
reduction could be achieved. Middlebrooks (1987) found that this model gave dependable results 
for a wide range of data sets.
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Once the number of ponds necessary has been determined. Equation 6 can be used to determine the 
maturation lagoon area (Mara et a l , 1992):
A 2Qit (6)(2H +0.00 let)
Where A = area (m2)
Qi = influent flow rate (m3d 1)
H = depth (m)
e = net evaporation (md'1)
Maturation lagoons are never deeper than 1.5 m in order to prevent any anaerobic zones forming, 
so H can be decided according to local conditions. Obviously, the deeper the lagoon, the smaller 
the area needed. This is particularly important where land costs are significant.
These design equations have been used world-wide, for example, in studies by Ellis and Rodrigues 
(1993) and Moreno (1990), but with varying degrees of success. It has been recognised by a 
number of workers that bacterial removal does not depend on temperature alone, so more recent 
models have become more complex. For example, Mayo (1989), Sarikaya and Saatci (1987) and 
Sarikaya et a l  (1988) developed rate constants for bacterial die-off that were linked to the lagoon 
depth and solar radiation. Thirumurthi (1974) developed equations for ‘k’ which correct for 
organic loading and the toxicity of some organic compounds, and Mayo and Gondwe (1989) using 
the mean retention time and BOD concentration. There are also some design equations used for 
maturation ponds based on criteria other than bacterial removal, for example nematode egg removal 
(Ayres et al., 1992) or nitrogen removal (Reed, 1985; Pano and Middlebrooks, 1982). These 
equations are not widely used, since the main criteria for maturation lagoon effluent is faecal 
coliform or E. coli counts.
Other Design Approaches using Bacterial Removal Kinetics
Most of the alternatives to the Marais approach are based on the dispersed flow equation developed 
by Wehner and Wilhelm (1956) for any kind of entrance and exit conditions, initially developed for 
use with lagoons by Thirumurthi (1969):
4Niae(1/2rf)
(7)
Where: d  = dispersion number = —D
UL
Where D = axial dispersion (m2s‘1)
U = fluid velocity (ms’1)
L = Characteristic length (m)
a =  VÏ+4M
For ideal plug flow conditions, d  is zero; as the flow deviates from plug flow, d  tends towards 
infinity. Levenspiel (1972) presented a detailed discussion of the applications of these equations in 
a chemical engineering context. The dispersion coefficient has been used to draw general
conclusions about the hydraulic regime within a system. However, it cannot give a detailed 
description of the variation in the flow patterns in any three dimensional sense, i.e. throughout the 
depth or length of the lagoon.
Equation 7 is valid for lagoons where reactions occur uniformly throughout the pond depth and the 
rate coefficient k remains constant (Polprasert et a l,  1983). However, due to the uneven 
penetration of light and the possible stratification in real ponds, the value of k will be slightly 
different at different depths. Polprasert et al. (1983) presented a model for k, for total coliforms, 
which compensated for the uneven bacterial die-off rates at different depths. The model takes into 
account the pH, dissolved oxygen concentration and nutrient content in the lagoon as well as 
temperature. They pointed out that since pH and dissolved oxygen vary as the algal concentration 
changes, and mixed algal species enhance bacterial die-off, that k could be a function of 
temperature, the algal concentration, the influent COD loading rate and the UV rays index.
e" =  R a l W a i W a 4 ™  (8)
Where: Rai,wai, wa3i and wa4 are constants
Cs = algal concentration (mg/1)
OL = influent COD loading rate (kg COD/ha.d)
UVI = ultraviolet rays index (dimensionless) = 1 + —
Where / =  sunlight intensity (cal.d 'cm'2)
In the absence of sunlight, UVI is considered to be 1. In validating the model, Polprasert et al. used 
Equation 9, given below, which does not include the term for UVI for purely practical reasons, i.e. 
the information on sunlight intensity is not always readily available, and the direct relationship 
between /  and Cs is well known. Therefore, they assumed that the influence of /  on k is indirectly 
represented by Cs.
e — RjH7] W2 W3 (9)
WhereiR^wi, w2, and w3 are constants.
By experiment, they found the constants in Equation 9, giving:
ek = 0.6351(1.0281)T( 1.0016)Cs(0.9994)OL (10)
To modify the equation to accommodate any species, a species constant, X, was added. Since total 
coliform bacteria were used as the indicator bacteria in the model, X will be 1. An equation for 
faecal coliforms was also developed, with a rate constant kF.
e f = RiXwi W2^ SW3^  (11)
From the experimental results, the species constant in Equation 11 was found, giving:
ekF = 1.1274(0.6351)(1.0281)T( 1.0016)Cs(0.9994)OL (12)
They found that there was a high degree of correlation between the experimental data and those 
predicted using Equations (7) and (10). The mean and standard deviation of percentage errors from
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prediction of both the percentage faecal coliform reduction and the percentage total coliform 
reduction were lower using Equation (7) than when Equation (4) was used. Extensive validation of 
this model has not been carried out against other data sets, so the values of the constants cannot,
realistically, be applied to other systems unless they are very similar.
Sarikaya and Saatci (1987) expressed k, the coliform die-off rate, as the sum of the die-off rate in
the dark, kj, and the die-off rate due to light, k,.
When KH was greater than 3, they found that the exponential term could be neglected with an 
error of less than 5 percent. This condition will be met in all but the shallowest of ponds. Most 
maturation lagoons have a depth of 1 m, so the error will be less than 1 percent.
By linear regression of experimental data and using ^  = 16 m"1 (Moeller and Calkins, 1980), 
Sarikaya and Saatci found lq and kj, giving the equation:
They found that this model gave reasonable predictions of the coliform die-off, but no correlation 
calculations were quoted in the paper. In a later paper, Sarikaya et al (1987) actually measured K, 
and obtained an average figure of about eight. This obviously had a significant effect on the values 
given in Equation 14. Mayo (1989) also found a variety of different values for K, making this 
equation difficult to use in designing new lagoons. Mayo also found that although k, was very 
similar for tests done in different parts of the world, k, was significantly different in the same tests.
Mayo (1995) developed Equation 13 further to include terms for temperature and pH:
k (13)
Where: SQ = daily solar radiation (cal.cm^d1)
K  = light attenuation coefficient (m"1)
k (14)
k
Where: /0 = surface layer effect coefficient
kpH = rate constant for pH (d"1)
9 = temperature coefficient
t = hydraulic retention time
Qin et al (1991) found that the surface layer effect varies from 0 to 0.03 and can therefore be 
neglected. As before, the exponential term can be neglected for all but the shallowest of lagoons. 
Thus Equation 15 reduces to:
Using data from a number of different sources, the model was found to agree reasonably well with 
experimental data.
Prediction of the Dispersion Number
The use of the Wehner and Wilhelm (1956) model in designing new lagoons relies on the accurate 
prediction of the dispersion number, d. In existing lagoons this can be determined using a tracer or 
dye study as suggested by Levenspiel (1962). Polprasert and Bhattarai (1985), Ferrara and 
Harleman (1981) and Arceivala (1981) have tried to derive a predictive equation for d  based on the 
geometry and hydraulic properties of the lagoon. However, Agunwamba et al (1992) reported that 
the values of d  found experimentally differ significantly from those determined from the predictive 
equations. They list a large number of factors which were not taken into account in the models and 
which may have caused the differences seen between the two sets of values.
These factors, referred to by Agunwamba et a l  (1992), are: dead zones (Thackson et a l, 1967; 
Hays, 1966); width to depth ratio (Chatwin and Sullivan, 1982; Doshi et a l, 1978); viscous 
sublayer (Chatwin, 1973); wind, nature of pond walls and Reynolds number (Polprasert and 
Bhattarai, 1985); time between tracer injection and start of sampling (Fischer, 1968); pond shape, 
flow velocity, short-circuiting and entrance and exit devices (Polprasert and Bhattarai, 1985); rate 
of tracer injection and the level of discharge (Abd El-hadi, 1976); and the transverse mixing 
coefficient, Ez (Yotsukura and Sayre, 1976). Ez is known to be a function of the aspect ratio, 
friction factor and secondary currents (Lau and Krishnappan, 1977). Myers (1982) found that the 
friction factor does not seem to vary with Ez in any definite way, but as the aspect ratio increases, 
its effect on Ez decreases. Myers also found that the effect of secondary flows is more significant 
for lagoons or channels of low aspect ratio. Agunwamba et al (1992) concluded that a predictive 
model for d  needed to include the aspect ratio. They developed the equation given below to cover 
all aspect ratios:
U.r-8'963d  = 0.10201 x I— j  x (17)
Where: U* = shear velocity (md"1)
U = flow velocity (md1)
L = lagoon length (m)
W = lagoon width (m)
Values predicted from this equation were compared with data from ponds in Portugal and in 
Nigeria and showed better correlation than those predicted using the equation developed by 
Polprasert and Bhattarai (1985), which does not depend on the aspect ratio. However, no reports in 
the literature discuss practical applications of methods involving equations based on dispersion 
number, with actual lagoon designs being based almost exclusively on the Marais approach.
DESIGNING FOR OPTIMAL HYDRAULIC REGIME
There has been very little work carried out to determine the optimal lagoon geometry, and this will 
obviously have a significant effect on the dispersion number. The vast majority of lagoons are 
rectangular, with much variation in the length to width ratio. The lagoons do not have to be
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rectangular, but can be slightly curved if necessary to fit into the available space or for aesthetic 
reasons (Mara et al., 1992). However, Thirumurthi (1969) found that the greater the length to 
width ratio, the smaller the dispersion coefficient and the greater the pollutant removal. This is 
obvious from a hydraulic point of view, as the greater ratio will give a closer approximation to plug 
flow conditions. These results were confirmed by Mara et al (1992), Thackston et al (1987) and 
Mangelson and Watters (1977), although no accurate empirical relationship could be derived. No 
exact recommendations on geometry could be found in the literature for the dispersed flow models. 
A number of authors have stressed the importance of the geometry in determining the performance 
of a lagoon (Mangelson and Watters, 1977; Polprasert and Bhattarai, 1985; Marecos do Monte and 
Mara, 1987, Agunwamba et a l, 1992). The geometry of a lagoon will determine its dispersion 
number, the resistance to flow, the retention time, the volume of dead zones and the extent of short- 
circuiting.
The dispersion number of a lagoon decreases as the length to width ratio (L/W) increases, as 
mentioned above, and is a function of the transverse mixing coefficient, which itself depends on the 
aspect ratio (W/H) (Lau and Krishnappan, 1977). The value of the dispersion number affects the 
performance of the lagoon; if  it is over-estimated then the lagoon efficiency will be under-rated, 
and the lagoon will not be operated at optimal conditions. If the dispersion number is under­
estimated, the lagoon may be over-loaded. The aspect ratio has a complex effect on the flow 
resistance, which is further complicated by the shape effect and secondary circulation (Myers, 
1982). In lagoons with lower L/W ratios and smaller aspect ratios, the effect of secondary 
circulation will be more pronounced (Oragui et a l, 1987), and will reduce the efficiency of the 
lagoon. Also, as the L/W and W/H ratios increase, the dead zone volume decreases (Mangelson 
and Watters, 1977). The dead zones reduce the detention time of a lagoon by reducing its capacity. 
Minimising the number of dead zones will ensure the effluent stays in the lagoon for long enough 
for adequate treatment and therefore better performance.
Mara et al (1992) suggested that the lagoon should be located with its longest dimension, i.e. the 
diagonal, lying in the direction of the prevailing wind. This will facilitate wind-induced mixing 
and prevent stratification. If the wind direction is seasonal, the lagoon should be located in the 
direction of the prevailing wind during the hottest season since this is when the most pronounced 
stratification will occur. It is essential, however, that the inlet is placed such that the wastewater is 
flowing into the pond against the direction of the prevailing wind in order to prevent hydraulic 
short-circuiting. Moeller and Calkins (1980) also suggested that good mixing was important to 
ensure that there was maximum exposure of bacteria to UV light. They also suggested that baffles 
could be added to the lagoon to increase the retention time and to improve the vertical mixing, 
following the recommendations of, for example, Houang et al (1989) and Thackston et a l (1987). 
However, Pearson et al (1987) suggested that stratification should be promoted in maturation 
lagoons in order to maximise the pH effect on bacterial die-off. Several workers, as discussed by 
Maynard et al (1999) have suggested that large shallow lagoons are better for bacterial removal 
than smaller, deeper ones.
Mara et al (1992) stated that a single inlet and outlet should usually be sufficient, and should be 
located in diagonally opposite comers of the lagoon to minimise short circuiting. They did not 
believe that complicated multi-inlet and multi-outlet designs were necessary or desirable. They 
also recommend that the inlets for maturation lagoons should discharge below the water level, 
preferably at mid-depth. This is so that short-circuiting can be minimised. A pilot-scale study of 
the effect of the inlet was carried out by Mangelson and Watters (1977), which found that the 
hydraulic efficiency of a lagoon with a L/W ratio of 16:1 could be mimicked by using an inlet
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diffuser discharging vertically into a rectangular pond with two outlets at opposite ends. However, 
a full-scale study by Pedahzur et al. (1983) of these findings could not provide any decisive results.
There is also no clear advice in the literature on the most suitable hydraulic flow pattern for tertiary 
lagoons, apart from the findings of Marais, despite the importance of this factor to the performance 
of a system. Very little work has been earned out to determine the optimal lagoon geometry, as 
discussed above, which obviously will have a major influence on the flow pattern. None of the 
classic manuals on lagoon design, such as Gloyna (1971), make any suggestions on the most 
suitable hydraulic regime. Polprasert et al (1983) and Polprasert and Bhattarai (1985) concluded 
that plug flow lagoons performed better than perfectly mixed systems, but they did not propose any 
concrete design criteria. James (1987) also found that plug flow lagoons are more efficient at 
bacterial removal, but proposed that tertiary lagoons should be shallow to encourage mixing of the 
water by wind action. From experimental data, Mayo (1995) concluded that a plug flow model 
represented the flow in lagoons better than a completely mixed flow model. These workers found 
that there was very little variation in the faecal coliform mortality rate constant across a number of 
lagoons when a plug flow model was used, but there was a wide range of values obtained using the 
completely mixed flow model. There was no variation in the operating conditions of the lagoons 
and the data was taken during the same weather season, therefore significant variations in the rate 
constant should not occur.
Mara and Pearson (1987) and Arthur (1983) recommend that lagoons should have a high length-to- 
breadth ratio to maximise plug flow, but again, the importance of good mixing to bacterial removal 
is emphasised. The problems of short-circuiting are well known, and Marais (1974) proposed that 
several small lagoons should be used rather than one large one, but it has also been pointed out that 
small lagoons with short retention times can also have large dead areas, which will shorten the 
retention time even further (Marecos Do Monte and Mara, 1987; Ferrara and Harleman, 1981). 
Juanico (1991) analysed the effect of the hydraulic flow pattern of the performance of lagoons 
using model simulations. He concluded that the performance of plug-flow lagoons was much better 
than that of perfectly mixed ones with respect to bacterial removal (high removal constant), 
although their performance was the same for BOD removal (low removal constant). Pearson et al.
(1996) found that when the plug-flow characteristics of a tertiary lagoon were increased by using 
baffles, the bacterial removal was improved. The Ferrara and Harleman model (1981) also suffers 
from only considering the one-dimensional conservation of mass equations. Obviously, without 
considerable computational aid the calculations are prohibitively time consuming. The importance 
of solving the problem in three-dimension is discussed in the next section.
COMPUTATIONAL FLUID DYNAMICS MODELLING
One of the disadvantages of the mathematical models discussed above is that the hydraulic regime 
of the lagoon is virtually ignored. Although parameters such as the dispersion number may be 
included, this does not give a detailed understanding of how the flow in the lagoon is actually 
behaving. It has been recognised by a number of authors (Frederik and Lloyd, 1996; Pearson et a l, 
1996; Woods et a l, 1995; Agunwamba, 1992) that insufficient attention has been paid to the 
optimisation of the hydraulic regime in lagoons, despite the vast amounts of research that has been 
carried out on their design criteria. Woods et al. (1995) stress the findings of a number of authors 
which show that, particularly for facultative lagoons, designs based simply on the historical loading 
data have been found to be as dependable as those using mathematically derived expressions. They 
also point out that, as discharge consents become increasingly stringent and more rigorously
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applied, the need for confidence in predictions of the effects of modifications to lagoon design has 
become crucial. It is essential to the performance of a lagoon that the water spends sufficient time 
in the system so that removal mechanisms have an opportunity to occur, whether they be physical 
settlement, or a chemically or biologically mediated reaction.
Computational fluid dynamics (CFD) modelling has been proposed as one possible method of 
providing this confidence. CFD is a numerical technique that obtains the fluid flow from the 
geometry of a system for given operating conditions. Until recently, the use of CFD has been 
limited to very high-technology industries, such as engine design because of the very large capital 
costs. However, with the reduction in the cost of computing power, CFD is becoming more widely 
used. The applications published to date on CFD modelling of lagoons are described below
A three-dimensional model based on shallow water equations was presented by Fares (1993), and 
used to examine the residence time of wastewater in a lagoon (Fares and Lloyd, 1995). The 
equations on which the model was based were originally presented by Liggett and Hadjitheodorou 
(1969) to predict circulation patterns caused by the wind in large lakes. Fares and Lloyd (1995) 
modified the model for use on the lagoon by assuming that the Coriolis force could be ignored, the 
wind shear stresses were uniform across the water surface, the density of the wastewater was 
constant, and the inlet and outlet could be simulated as boundary conditions as either a point source 
or point sink. The model also included terms to account for the bottom topography of the lagoon. 
A rectangular mesh of different grid size was constructed for each lagoon. The horizontal velocity 
field was derived in terms of pressure gradient, body and shear forces. (Mx, My), the vertically- 
integrated volume flux could then be simulated by <D(x,y), the horizontal gradients of stream 
function, using the continuity principle. Initial values of 0  were defined at each grid point in terms 
of the neighbouring grid points. Each of these values were weighted by a factor related to the grid 
size, depth gradients and wind stress. A four-point implicit finite difference method was used to 
derive, by iteration, solutions to Equation 18:
V2Q>+alôxQ>+a2ÔyQ> = as (18)
Where: al =Cxôxh-C2ôyh ; a2 =C2ôxh-Cxôyh ; a2 = C3[rxSxh+Tyôyh^ -  C4 {ry6xh+ rxdy1^
Ci, C2, Cg, C4 are functions of flow depth, h, in the lagoon and the thickness of
flow layer influenced by the wind shear effect.
cc\ and a2 are functions of bottom topography variations
«3 is the source function to simulate the effects of both bottom topography and
wind stress field (rx, ry).
For every iteration, a new value of 0  was calculated at each node until the convergence criteria 
were met. An average velocity could then be calculated from the three-dimensional velocity field. 
This data, combined with the calculation of the spatial geometric flow path, could then be used to 
derive an estimate of the residence time. The authors found a very strong link between wind and 
hydraulic short-circuiting, which confirmed the results of tracer studies carried out on the lagoons. 
However, the model does not allow for the inclusion of any turbulent effects from the inlet, nor is it 
readily adapted to allow for changes to the geometry of the lagoons, such as the addition of baffles.
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Woods (1997) presented a detailed analysis of three other attempts at CFD modelling of lagoons, 
and these are summarised here. The lake water quality model, “MINLAKE”, was used by Gu and 
Heinz (1995) to study stratification dynamics in lagoons. The model uses an unsteady one­
dimensional mass and heat model to determine the physical properties of vertical layers through the 
lake or lagoon. Despite the different operational characteristics of lagoons, Gu and Heinz argued 
that mixing, plankton kinetics and stratification correspond accurately enough to those found in 
lakes to allow the use of the model. Although the model can be used to predict reaction effects 
combined with the hydraulics, Gu and Heinz did not include these reaction parameters. The model, 
developed by Riley and Stefan (1988), carries out a water balance, and calculates the flow-rate at 
the outlet for given water depth measurements, using the equation given below:
^  Qinlet “ Qoutlet " Qevaporation Qprecipitation ( 1 9 )
Where: V = Pond volume (m3)
t = Time (s)
Q = Flow-rate of each source (m3s‘1)
Stratification and buoyant and convective mixing are dealt with in the model by altering the 
exchange rates of fluid between each of the layers. An energy balance is used to determine the 
temperatures in the vertical slices, using the equation given below.
^ +^ _ =o
ô t  4  S z  4  ô z \  2 ' ô z )  p -C Pi v
Where: T; = Temperature of each slice (°C)
Ai = Horizontal area of each slice (m2)
p  = Fluid density (kgm"3)
uz = Velocity in the z direction (ms’1)
CPi = Heat capacity of each slice (kJkg^K’1)
Si = Heat input per unit volume for each slice (kJm"3)
Kz = Turbulent diffusion coefficient (m2s‘1)
The turbulent diffusion coefficient is included in order to account for the combined effects of wind,
waves, inlet and flows and stratification, and is estimated from empirical equations. In this case,
Gu and Heinz (1995) believed that the vertical diffusion in a lagoon will be much less affected by 
wind and waves than lakes. For the top and bottom layers, the boundary conditions had to be 
determined experimentally. Therefore, the heat flux is simply related by the equation to the rate of 
vertical temperature diffusion in the lagoon. Heat exchange with the bottom sediments was 
included as an energy sink. Gu and Heinz (1995) had to add an empirical inlet model in order to 
take into account the effects of the inlet in a lagoon, which do not have such a great significance in 
lakes, and was therefore not included in the original model. However, neither the shape of the inlet 
or re-circulation to the inlet nor organic loading or influent concentrations could be included in the 
model. Calibration of the model was carried out by fitting experimental data on lake temperatures 
to the maximum hypolimnetic diffusion and wind sheltering coefficient. The lagoons studied had 
only vertical inlets and outlets, and therefore one-dimensional modelling was appropriate. The 
results showed that there was accurate prediction of the overall temperature, but were variable for
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the temperature profiles. Wood (1997) points out that calibration of the model to a specific case 
also restricts its use to a single system, rather than providing a generic model.
Water movement in a shallow, unstratified wet detention impoundment designed for treating 
stormwater from undeveloped, residential and commercial land was studied by Benelmouffok and 
Yu (1989), and modelled using a two-dimensional depth-averaged model. Their study did not 
examine the removal of pollutants, only the concentration equalisation due to settling and 
dispersion in the pond. The model did not include turbulence, but presented detailed results of the 
simulation and validation data. The model was based on the continuity equation and a transient 
momentum equation, with separate bottom stresses for each axis, as shown in Equation 21.
o <2i)
SU SU SU SC Ty
SX * S x  y S y  S y  p - H
Where: Ux(x,y,t) = Depth averaged fluid velocity in the x-direction (ms-1)
Uy(x,y,t) = Depth averaged fluid velocity in the x-direction (ms*1)
H = Total fluid depth (m) = Ç + h
Where Ç(x,y,t) = Free surface depth displacements (m) 
h(x,y,t) = Initial surface depth (m) 
g = Gravitational acceleration (ms'2)
t* = x component of the bottom stress coefficient (kgm 'V2)
Thy = y component of the bottom stress coefficient (kgm"1 s'2)
A two-dimensional depth-averaged mass transport equation (Equation 22) was used to simulate the 
variation of pollutant transport with space and time:
S jH .C )  s{H.Ux.c) S ^ H .U y . c )  ô f S C }  Ô r
SX ' S x  +  S y  S x \ x' ^ ' S x J  Sy 
Where: C(x,y,t) = Concentration of pollutant (kgm-3)
Dx = x component of the dispersion coefficient (m2s‘1)
Dy = y component of the dispersion coefficient (m2s"1)
S = Sink term associated with pollutant of interest (kgs m^ 3)
The geometry of the impoundment was defined using a grid for the finite difference discretisation. 
To simplify calculation, the grid spacing is a constant, fixed value, although this does result in the 
loss of some resolution of the parameters. The grid and an alternation direction implicit (ADI) 
numerical solution were used to solve Equations 22 and 23. The numerical stability is increased by 
the use of ADI as it solves Ux, Uy, C and Ç at staggered intervals. However, some geometric 
accuracy is also lost for the boundary conditions with the specification of Ux and Uy at different 
points. Numerical diffusion was introduced, by the use of upwinding, in order to increase 
numerical stability for the non-linear momentum and mass transport equations.
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Tracer studies were carried out to provide validation data for the model. The residence time 
distribution (RTD) was also used to confirm conservation of water and tracer in the model, as well 
as its numerical stability. The model was then calibrated to fit the RTD curves by modifying the 
model inlet velocities. Wood (1997) points out that this calibration means the model is no longer 
generally applicable, as a different inlet velocity would result in a different RTD curve. The effect 
of modifications to the system geometry is also impossible to assess, as there is only one grid point 
at the inlet and outlet. It is interesting to note, however, that the results of Wood (1997) confirmed 
the finding of Benelmouffok and Yu (1989) that the RTD was insensitive to changes in the 
dispersion coefficient; for a ten-fold increase in the dispersion (Dx and Dy), there was little change 
in the RTD.
Wood (1997) also describes NESSIE, a commercially available package which is marketed as being 
able to model lagoons, wetlands and lakes. In the model, linear steady state two-dimensional depth 
averaged flow equations are solved (Anderssen et a l, 1996; Latham and Anderssen, 1995; 
Anderssen, 1993; Anderssen et a l, 1990). Wood (1997) highlights the fact that there is no 
discussion in the literature of the application of NESSIE to smaller water bodies, such as lagoons, 
where the geometry is essential, or of validation studies for the model. The model averages 
velocity over depth, and includes a resistance term proportional to the depth in order to 
approximate for three dimensional flow in two dimensions. The fluid height is described in terms 
of the original water height and the deviation from this. Steady state linear equations can be 
derived by applying the depth averaging to the two dimensional mass and momentum balances.
u x .(0 + g . g - ^ z )
Ô Z
(23)
Where: y9(z) = Constant bottom stress coefficient (m V1)
go = Coriolis force to account for alterations to direction of wind driven
surface currents or any other current (s'1)
The equations are linear elliptic partial differentials, which can be readily solved. In the case of 
lagoons, the equations are simplified as the Coriolis effect an be ignored as the length scale is too 
small and the depth is constant. A limitation of the application of the method to lagoons is that 
turbulence is not included in the equations. In large bodies of water, such as lakes, where the inlets 
and outlets are very wide, or irrelevant, as for oceans, the lack of turbulence modelling is not 
significant. However, the inlet can cause turbulent effects in lagoons, and it is therefore essential to 
include this in any model. Turbulence can be included in NESSIE, but is not straightforward. 
Anderson (1993) argues that, as three dimensional mixing will give rise to longer retention times 
than a two dimensional model, the inaccuracies in residence time calculations using NESSIE will 
err on the side of caution. A method to calculate velocity profiles from three dimensional results by 
decoupling the two dimensional depth averaged solutions is described by Latham and Anderssen 
(1995). However, Wood (1997) points out that this does not take into account submerged or 
vertical inlets or baffles. The literature claims that NESSIE is able to de-couple hydrodynamics 
from reaction models, but no results are presented, and none of the specific models are described.
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The resolution of the hydrodynamic model will also be insufficient to be able to take into account 
the effects of modifications of the pond’s geometry.
Three other commercially available CFD packages, ‘FIDAP’, ‘FLUENT’ and ‘PHOENICS’ have 
also been used. The models are all based on the non-linear conservation equations for mass, 
momentum and energy, the Navier-Stokes equations:
Momentum and mass (there are identical equations for v and w):
Du Sp S
Dt Sx Sx
2 f i ^ - + X d i v } \
Sx S y
Su S \
^ s Ç +s ^ S z +s Mx (24)
Energy:
p  = ~p div u+ div{k grad r )  + 0  + S'/ (25)
= Rate of change of momentum per unit volume in the x, y or z 
direction, where p  is density
div u = Convective term = —
Sx S y  S z
p = Pressure
div(kgrad T) = Rate of heat addition to particle due to conduction 
p  = Dynamic (first) viscosity
A, = Second viscosity
O = Dissipation function
St = Viscous stress
Iterative solutions of the Navier-Stokes equations of fluid mechanics are derived and a 
mathematical construct is created corresponding to the flow space. A network of nodes/cells, 
known as the ‘grid’ are created within this space (Hague et al, 1999). Each of the nodes has a 
value assigned to it for each of the variables which define the flow field, for example, the velocity, 
pressure, temperature and density. Boundary conditions must also be defined which are 
characteristic of the system, and an iterative approach is used so that the final solution meets these 
conditions (Hague et al, 1999). The grid which defines the geometry, i.e. the shape of the lagoon, 
can be either structured or unstructured’. A structured grid is one which is rectangular, with all 
the lines orthogonal, whereas an unstructured grid can be either tetrahedral or triangular. There are 
fewer constraints on the geometries which can be modelled using an unstructured grid rather than a 
structured one. Structured grids can only be used for simple geometries, but provide more accurate 
results and experience fewer problems in reaching the convergence criteria for a given set of 
boundary conditions. A detailed discussion of the fluid dynamics theory on which commercially 
available CFD models are based, and the approaches used to solve the equations, can be found in 
Versteeg and Malalasekera (1995). FLUENT, PHOENICS and FIDAP all use well validated codes 
(Versteeg and Malalasekera, 1995), i.e. the mathematical methods that are used to solve the Navier- 
Stokes equations have been found, by reference to real systems, to provide results which closely 
mirror those found experimentally. However, applications of PHOENICS and FIDAP to problems 
in the water industry have been found to experience problems with convergence (Ta, 1999a; Wood,
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It is important, as discussed earlier, that any lagoon model can include the effects of turbulence 
since the effects of the inlet jetting mean that the flow is very unlikely to be laminar. In turbulent 
flow, the motion of the fluid particles is random. Thus, instead of deriving a complete picture of 
the motion of all the particles, a steady mean value of the velocity, £/, with a fluctuating component 
u ’(t), is found. Velocity, u(t) is therefore:
u(t) = U + u ’(t) (26)
Extra terms for the turbulent stresses, known as the Reynolds stresses, are included in the Navier- 
Stokes equations (Equations 24 and 25) to give the Reynolds equations. Turbulence effects can be 
investigated in PHOENICS, FLUENT and FIDAP using a number of standard models. These 
models are computational procedures which close the system of Reynolds equations so that a wide 
variety of flow problems can be calculated. In general, only the effect of turbulence on mean flow 
are required. It is the k-e model which has been used in published work on lagoons using 
FLUENT, FIDAP and PHOENICS. The k-epsilon model assumes that there is an analogy between 
the action of viscous stresses and Reynolds stresses on the mean flow (Versteeg and Malalaseker, 
1995).
The first work on the application of a commercial CFD package to lagoon design was published by 
Wood et al. (1995). Using FIDAP, they built a two-dimensional laminar model with an 
unstructured grid, using the k-e model for turbulence, and generated plots of simulated fluid 
velocity contours. Simulated tracer studies were carried out so that residence time distribution 
curves could be produced in order to derive the mean retention time. However, the authors 
concluded that two-dimensional models were inadequate for modelling lagoons as the inlet 
conditions could not be defined accurately. The work of a number of authors, for example, Salter 
et al. (1999), Weatherell et al. (1999), Melo et al. (1999), has shown that vertical variation in the 
biological and physico-chemical parameters is as important as the horizontal variation. Therefore 
only three-dimensional models will provide a sufficiently accurate picture of the processes 
occurring in lagoons. The use of an unstructured grid also resulted in problems with convergence, 
and greater demands for computing power.
Wood (1995) also carried out three-dimensional modelling using the results of Mangelson and 
Watters (1972) from laboratory-scale ponds, extending the results of the two-dimensional models 
discussed above. The pattern of short-circuiting seen was similar to that presented by Salter et al. 
(1999) and Shilton (1999a); the influent jetted into the lagoon, across to the far wall, and then 
directly to the outlet before setting up a pattern of slow recirculation. The RTD curves produced 
from the simulated tracer studies showed the same major features as the practical results of 
Mangelson and Watters (1972), but were displaced to the left i.e. the CFD model gave a shorter 
retention time than the laboratory model. However, this was thought to be due to inaccuracies in 
the CFD model geometry because of difficulties with correctly representing the inlet configuration. 
This apparent sensitivity of the RTD to the inlet lead Wood (1997) to carry out further 
investigations where the inlet was placed at different depths and the influent had different 
velocities. These results demonstrated the importance of correctly modelling the geometry of the 
inlet in order to produce an accurate simulation of the system to be studied. This point was 
emphasised by a further simulation where the direction of the inlet was changed by 45 °, and a 
completely different circulation pattern was seen. The influent jetted directly to the outlet, before 
setting up a circulation pattern along the wall with the outlet, and back towards the inlet.
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Salter et al. (1999) and Shilton (1999a) presented single phase three-dimensional turbulent CFD 
models of facultative lagoons, using FLUENT and PHOENICS respectively. Validation of the 
single phase model used by Salter et al. (1999) has been provided by Ta (1999b) for a number of 
water and wastewater treatment processes, particularly storage reservoirs. Using simulated tracer 
studies, Salter et al. (1999) and Shilton (1999a) were able to compare the effects of the addition of 
baffles on the hydraulics of the system. The residence time distribution curves were then used, by 
the assumption of first-order removal kinetics for BOD or faecal coliforms, to show that the baffled 
lagoons produced a higher quality effluent than the un-baffled lagoons. In both cases, the velocity 
vector plots showed the areas of short-circuiting and the dead zones that would be present in the 
lagoon under steady flow conditions. The lagoon modelled by Salter et al. (1999), without the 
baffles, is shown in Figure 1.
Figure 1. Velocity vectors in the lagoon under the steady flow conditions
It can be seen that the majority of the flow from the inlet followed the wall on the opposite side, 
directly towards the outlet. When the flow reached the outlet, a small proportion was discharged. 
The remainder continued following the bank around, generating the flow circulation in the central 
region of the lagoon. Short-circuiting along one wall, and a large area of re-circulation in the 
centre of the lagoon were also found by Shilton (1999a) and Wood (1997). Wood (1997) and 
Shilton (1999b) confirmed that this was the type of circulation actually experienced using dye tests 
in pilot-scale lagoons. Figure 2, from Salter et al. (1999), shows the effect of the addition of two 
baffles on the flow.
Figure 2. Velocity vectors in the lagoon under the steady flow conditions with baffles
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It is obvious from the figure that there has been a reduction in the dead-zones, and the flow is using 
a greater proportion of the lagoon. The results of Salter et al (1999a), Shilton (1999a) and Wood
(1997) showed that when baffles were added there was an increase in plug-flow conditions which 
lead to an increase in performance. Salter et al. (submitted) also used the results of thermal 
profiling of the lagoon to run a time-dependent flow model. In this model, the flow remained the 
same, but the temperature was varied depending on the time of day. The lagoon was found to be 
stratified during the day but this could not be maintained at night. Simulated tracer studies could 
then be carried out to investigate the effect of this stratified/de-stratified system on the residence 
time distribution (Salter et a l, submitted). It is clear that the hydraulic regime has a very powerful 
effect on the overall performance of a lagoon, regardless of which removal mechanisms may be 
operating.
DISCUSSION
There is still much debate on the mechanisms of bacterial removal, and conflicting results on the 
contribution of the different physical and chemical factors involved (Maynard et a l, 1999). More 
work is needed to investigate the contribution of algal toxins, predation, starvation, temperature and 
retention time, and the relationship between pH, dissolved oxygen concentration, light and lagoon 
depth. It is clear, however, that bacterial removal is a very complex mechanism, and mathematical 
models have struggled to represent it. Which removal mechanisms dominate will rely to some 
extent on the weather conditions experienced by the lagoons; those in tropical Thailand will be very 
different from those in temperate Europe. It is essential that, to ensure their continued use, lagoons 
can produce an effluent of a consistently high quality, particularly with the increasingly stringent 
effluent standards being applied to all wastewater treatment works. However, the Marais and Shaw 
(1961) plug flow model has the advantage of being simple to apply when compared to the other 
mathematical models which include more parameters. These models may be useful for modelling 
an existing system, but are not practical for designing a new system, as they involve parameters 
which cannot be readily determined. These parameters include the dispersion number (for 
example, Agunwamba, 1992) or light penetration coefficient (for example, Polprasert et a l, 1983). 
The extra parameters depend themselves on too many other factors for it to be possible to estimate 
accurate values for them. Values from existing systems could only be used in the new systems 
which are very similar in terms of wastewater characteristics, climate, flow rate etc., and this is 
very unlikely to occur.
There is no clear advice in the literature on the most suitable hydraulic flow pattern for tertiary 
lagoons, although the majority of authors have recommended promoting plug flow conditions. It is 
known that increasing the length to width ratio decreases the dispersion number, i.e. there is an 
increase in the plug flow characteristics. Very little work has been carried out to determine the 
optimal lagoon geometry, which obviously will have a major influence on the flow pattern. No 
definite design criteria have been proposed for building either plug flow or perfectly mixed 
lagoons. Despite their recommendations for plug flow, several workers, for example, Mara and 
Pearson (1987) and Arthur (1983), have also stressed the importance of good mixing to ensure high 
levels of bacterial removal. The information in the literature is conflicting, and therefore an area 
where there is an urgent need for more research.
CFD appears to be a way of combining the results of both mechanistic models and hydraulic tests. 
Initial attempts at modelling the hydraulic regime in lagoons experienced problems with dealing
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with turbulence, and were only able to simulate two dimensions (Wood, 1998; Anderssen et a l, 
1996; Fares and Lloyd, 1995; Gu and Heinz, 1995; Benelmouffok and Yu, 1989). Using 
commercially available CFD packages, which have well validated codes for turbulence, Salter et al 
(1999) Shilton (1999a), Wood (1997) were able to model existing lagoons in three dimensions. 
The hydraulic regimes that were simulated by the models were confirmed by dye tests in pilot-scale 
ponds by Shilton (1999b) and Wood (1997), although problems were experienced by Wood in 
reproducing exactly the RTD curves seen for the real systems. Overall, these results indicate the 
power of CFD as a means of providing a more complete understanding of the processes occurring 
within a lagoon.
The type of behaviour described by Salter et al. (submitted) has been reported, for example by 
Marais and Shaw (1961) and Gu et al (1996), but is virtually impossible to simulate by any 
technique other than CFD modelling. The ability to undertake a detailed investigation of the effect 
of the simple geometric modification described here (the addition of baffles) on the complex 
hydraulic regime, demonstrates the power of the technique. However, as with all modelling 
techniques, it is essential that validation studies are carried out. This model was based on actual 
measurements of the thermal stratification. Using the known properties of water, it would be 
reasonably straightforward to model the heating effect of the sun directly. Other factors, such as 
the dissolved oxygen concentration, are more complex to model as the contribution from algal 
activity will need to be estimated. Mathematical models do, however exist for this, as well as for 
other parameters such as faecal coliforms (for example, Kayombo et a l, 1999a and b; Mayo, 1995; 
Polprasaert et a l, 1983; Fritz et a l, 1979). However, these models are also in need of further 
validation, as the interactions between each different model are not well understood, and are 
extremely intricate.
The power of using commercially available CFD packages lies in their flexibility to allow 
variations in the geometry of the structure being modelled, and the ease with which physical 
phenomena can be included can be included without the need for major re-coding of the software 
(Wood, 1997). The work that has been carried out so far on hydraulic regimes will therefore be 
extended by the coupling of equations for both the biological and chemical mechanisms taking 
place so that the CFD models can be used as fully integrated predictive tools for the design of new 
lagoons and for assessing solutions to poor performance in existing ones. The use of CFD does not 
eliminate the need for mechanistic studies of lagoons; these will always be necessary to provide 
validation for the results of CFD modelling and to improve our understanding of the complex 
interaction of processes occurring within a lagoon. By combining mechanistic models with CFD 
models, increasingly accurate information will be available for designers and operators. This will 
help to ensure that the effluents from tertiary lagoons, and indeed all lagoons, will meet the 
increasingly stringent controls placed on wastewater treatment works.
CONCLUSIONS
• The majority of tertiary lagoons in existence have been designed using the equations developed 
by Marais and Shaw (1961) based on first-order removal kinetics for bacteria. However, 
problems with performance have been experienced, so it is therefore necessary to find another 
approach to design. There may also be a need to develop design approaches appropriate for each 
of the wide variety of climatic conditions experienced in different areas of the world
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• Mathematical models have been proposed which more accurately model the mechanisms of 
removal for bacteria, by including terms for light, algal concentration, etc, as well as including a 
term for the hydraulic regime, the dispersion number. These models are not practical for 
designing new lagoons as the extra terms cannot be readily determined.
• Initial attempts at developing CFD models of lagoons were not entirely successful as they were 
only in two dimensions, and only one model included any terms for the turbulent effect of the 
inlet.
• More recent CFD models, using commercially available software, have been able to simulate 
lagoons in three dimensions, including a well validated method of modelling turbulence.
• By combining the hydraulic modelling with mathematical models of pollutant removal, it will be 
possible to develop CFD models which more accurately portray the processes occurring within 
lagoons. This will allow improved designs for new lagoons, and a method for diagnosing 
problems experienced by existing ones.
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CONCLUSIONS FROM PAPERS 1 AND 2
There is very little information in the literature on the removal of COD, BOD, 
suspended solids and heavy metals from tertiary lagoons, and it is clear that 
research is required to develop a better understanding of these mechanisms. Since 
most of the BOD and COD is solids related, to improve the removal of these 
parameters, it will obviously be important to minimise the production of new 
suspended solids and to improve the removal of those solids entering the lagoon.
The main mechanisms of nitrogen removal in tertiary lagoons are thought to be 
volatilisation of ammonia and sedimentation of organic nitrogen via biological 
uptake. However, it is not known under what conditions each of the mechanisms is 
dominant.
Most workers have found very little phosphorus removal in tertiary lagoons. The 
mechanism of removal is not well understood, and more work is needed to 
investigate the relationship between biological uptake and precipitation at high pH 
values.
There is still much debate on the mechanisms of bacterial removal, and conflicting 
results on the contribution of the different physical and chemical factors involved. 
The main factors are thought to be light, dissolved oxygen and pH. More work is 
needed to investigate the contribution of algal toxins, predation, starvation, 
temperature and retention time, and the relationship between pH, dissolved oxygen 
concentration, light and lagoon depth.
More research also needs to be carried out on virus and intestinal parasite removal. 
The problems of detection and quantification of these pathogens also need to be 
resolved.
The majority of tertiary lagoons in existence have been designed using the 
equations developed by Marais and Shaw (1961) based on first-order removal 
kinetics for bacteria. However, problems with performance have been experienced, 
so it is necessary to find another approach to design.
Mathematical models have been proposed which more accurately model the 
mechanisms of removal for bacteria, by including terms for light, algal 
concentration, etc., as well as including a term for the hydraulic regime, the 
dispersion number. These models are not practical for designing new lagoons as 
the extra terms cannot be readily determined.
Initial attempts at developing CFD models of lagoons were not entirely successful 
as they were only in two dimensions, and only one included any terms for the 
turbulent effect of the inlet.
More recent CFD models, using commercially available software, have been able 
to simulate lagoons in three dimensions, including a well validated method of 
modelling turbulence.
By combining the hydraulic modelling with mathematical models of pollutant 
removal, it will be possible to develop CFD models which more accurately portray 
the processes occurring within lagoons. This will allow improved designs for new 
lagoons, and a method for diagnosing problems experienced by existing ones.
Section 3 - Practical Investigations
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ABSTRACT
Two tertiary lagoons at Holmwood Sewage Treatment Works in the United 
Kingdom were sampled over a one year period. Each lagoon is approximately 
39 m by 28 m, receives domestic wastewater only, and serves approximately 2 000 
people. The aim of the work is to gain a greater understanding of the performance 
of the lagoon with respect to a number of chemical, biological and physical 
parameters. Samples were analysed for E. coli, enterococci, total coliforms, BOD,
COD, suspended solids, ammoniacal nitrogen, nitrite, nitrate, total oxidised 
nitrogen and soluble phosphate. Occasional samples were also analysed for 
Cryptosporidium, Giardia and enteroviruses. Cusum charts were used to analyse 
the cumulative variations that were seen for the parameters being investigated, and 
had the advantage of emphasising their distinct seasonal trends. Although good 
percentage removals were seen, there was a lack of consistency in performance for 
all parameters over the year. No ammonia or phosphorus removal was found, 
although limited nitrification does appear to occur. None of the bacterial criteria for 
the WHO guidelines on wastewater reuse or the EC directive on bathing water were 
reached.
Keywords - Removal mechanisms; cusum charts; seasonal performance; tertiary lagoon; United Kingdom
INTRODUCTION
The requirement to improve the quality of rivers in the United Kingdom has lead to a greater 
demand on wastewater treatment processes. The Royal Commission 30:20 standard for suspended 
solids and BOD has, at many sites, been superseded by a 10:10 consent. Such a standard is difficult 
to achieve on a 95 percentile basis with just a clarifier following conventional secondary treatment 
provided by a trickling filter or activated sludge. Tertiary treatment is required, usually in the form 
of a filtration process. One low cost alternative to filtration is the use of tertiary lagoons.
The primary fimction of tertiary lagoons in most parts of the world is the removal of pathogenic 
organisms, and the size and number of these lagoons will normally be determined by the required 
microbiological quality of the final effluent. The standards often applied to wastewater treatment 
works’ effluents are the World Health Organisation’s (WHO) guideline values for wastewater reuse 
(1000 faecal coliforms per 100 ml and 1 nematode egg per litre) and the European Community 
mandatory values for bathing waters (10 000 total coliforms, 2 000 faecal coliforms and zero 
Salmonella and enteroviruses per 100 ml). However, in the region covered by Thames Water
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Utilities Ltd. in the UK, tertiary lagoons have been installed to remove suspended solids, as 
described in the IWEM manual for tertiary treatment (IWEM, 1994). There are currently no design 
guidelines for this type of lagoon, apart from a recommended depth range of 0.8 m to 2.6 m, with a 
normal depth being approximately 1 m.
This paper discusses the results obtained between July 1996 and June 1997, at Holmwood Sewage 
Treatment Works (STW). Holmwood STW is approximately 30 miles south of London, and 
receives domestic wastewater only from a population equivalent of approximately 2 000. 
Secondary treatment is provided by three trickling filters. There are two identical tertiary lagoons 
of 39 m by 28 m, which operate alternately during the summer while one is being cleaned, and in 
parallel during the winter months. They are concrete lined, and contain three rows of vertical 
brushes, across the width, of the lagoons which were installed to enhance the suspended solids 
removal. Figure 1 shows a diagram of the configuration of the inlets and outlets.
Outlets
28m
39 m
Vertical brushesInlets
Figure 1. Tertiary lagoons at Holmwood STW
The lagoons receive the effluent from two humus tanks via a buried channel which distributes the 
wastewater between the eight inlets. Each lagoon is drained and cleaned every four to five weeks.
METHODOLOGY
Samples were collected four days a week, two weeks a month. 24 hour composite samples were 
taken using a Sigma 900 autosampler from the inlet chamber, which receives the combined effluent 
from the two humus tanks, and the final discharge point of the site, where the effluent from the two 
lagoons is combined before entering the river. Every sample was analysed for E. coli, enterococci, 
total coliforms, ammoniacal nitrogen, nitrite, nitrate, total oxidised nitrogen (TON), phosphate, 
biological oxygen demand (BOD), chemical oxygen demand (COD) and suspended solids. 
Occasional samples were analysed for Cryptosporidium, Giardia and enteroviruses.
The analysis for E. coli, enterococci, and total coliforms was carried out within four hours of the 
samples being collected. “Colilert” was used to determine the number of E. coli and total coliforms 
present in a sample. This test is an enzyme detection method, and the formation of a yellow colour 
indicates the presence of coliforms, which will fluoresce if  E. coli are present. “Enterolert” is used 
to determine the number of enterococci, and is based on a similar mechanism. Cryptosporidium and 
Giardia were analysed for by the standard method (SCA, 1989). This method is based on a 
fluorescent linked monoclonal test, using a monocolonal reagent marketed by Cell Lab (Bradsure
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Biologicals). Enteroviruses were analysed for by mixing a concentrate of the original sample with a 
cell suspension in agar medium containing neutral red vital stain and incubating in the dark in an 
atmosphere of 5 percent v/v C 02 in air. Viral plaques were then counted and could be sub-cultured 
for confirmation and identification.
The American Monitor AQUA 800 Analyser was used to determine the concentrations of 
ammoniacal nitrogen, nitrite, total oxidised nitrogen and phosphate. This is an automated analyser 
designed for the quantitative measurement of analytes in water. The nitrate concentration is 
calculated from the difference between the concentrations of total oxidised nitrogen and nitrite. The 
method for determining the BOD was based on the method described in the Standard Methods 
(SCA, 1988). The method for determining the COD of a sample was based on a one tenth scaled- 
down sealed tube version of the German Standard Methods (1980). Suspended solids were also 
determined following the Standard Methods (SCA, 1980).
The results of the routine sampling were analysed for trends in the data using cusum charts, as well 
as percentage removals. A cusum chart shows the cumulative variation from the sample mean for a 
data set. This method is designed to emphasise any seasonal trends. The points on the chart are 
calculated from the data set using equation 1 :
Sr =  E m  (X' ~ X) ( 1 )
Where Sr = the cusum score of the rth value
%. = the ith observation or result
x = the mean of the observations
When the values observed are greater than the mean of a data set, the cumulative observations 
tended to increase continuously. When observations are below the mean, the cumulative 
observations decline continuously.
RESULTS & DISCUSSION
Table 1 gives the average concentration of all of the determinands at the inlet and outlet, the 
maximum and mean percentage removal. Data for Cryptosporidium are not included as only one 
oocyst was found over the whole sampling period. Three types of patterns can be seen in the cusum 
charts of the determinands. Figure 2 shows the log of the Enterococci numbers per 100 ml at the 
inlet and outlet of the lagoons. This demonstrates how little information can be obtained from a 
conventional plot of the concentrations of a parameter. All that can be seen is that the outlet 
numbers of the organism are generally lower than the inlet, and a there is a great deal of variability 
over the year.
Figure 3 shows the cusum chart for enterococci, and there are obvious trends in the performance of 
the system. There is a reduction in the quality of the influent and effluent through the autumn and 
winter months to the middle of March 1997, after which there is an overall improvement in quality. 
These trends are repeated for BOD, suspended solids, ammoniacal nitrogen and E. coli. Figure 4 is 
the cusum chart for total coliforms, which exhibits the same trends as COD and phosphate. There 
was a sudden change in direction in the chart on 28 and 29 August 1996, when a much higher than
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normal number of bacteria were recorded. The analysis of the samples was repeated, but the figures 
were found to be accurate. Overall, however, the trend during the initial part of the chart is an 
improvement in the quality of the influent and effluent until the end of August 1996, followed by a 
period where there is no significant change in quality. From the end of April 1997 there is again an 
overall improvement in the influent and effluent quality. The cusum chart for TON is given in 
Figure 5, and demonstrates the same trends as nitrate and nitrite. The chart shows an overall 
improvement in the quality of the influent and effluent until the end of February 1997, when there 
was a sharp reduction in quality. It should be noted that the sample mean is different for the inlet 
and outlet results for all determinands except ammoniacal nitrogen. Therefore, although the inlet 
and outlet are plotted on the same graph, the two lines should be compared to zero on the y-axis, i.e. 
the mean, rather than to each other.
Table 1. The average concentration of the determinands in the inlet and outlet and the maximum 
and mean removal for the lagoons at Holmwood STW
Determinand Average in inlet Average in outlet Maximum
Removal
Mean
Removal
E. coli 7.2x10/100 ml 5.6 x 10V100 ml 2.3 log 0.8 log
enterococci 1.6 x 10V100 ml 8.9 x 107100 ml 2.3 log 0.6 log
Total coliforms 2.3x 10V100 ml 9.6 x 10V100 ml 2.2 log 0.6 log
Giardia 23/1 6.7/1 1.8 log 0.6 log
Enteroviruses 29.5/51 3.5/51 2.0 log 0.8 log
BOD 6.3 mg/1 4.5 mg/1 63.7% 19.2 %
COD 45.8 mg/1 41 mg/1 70.8% 4.2%
Suspended solids 8.7 mg/1 5.3 mg/1 84.6% 24.4 %
Ammoniacal N 0.7 mg/1 0.7 mg/1 66.7% -14.9 %
Nitrite 0.2 mg/1 0.259 mg/1 24.8% -37.3 %
Nitrate 20.3 mg/1 19 mg/1 12.0% 2.7%
TON 20.4 mg/1 19 mg/1 50.8% 3.3%
Phosphate 7.6 mg/1 7.2 mg/1 43.8% 2.2%
The temperature range in the lagoon was approximately 5 °C in the winter months to approximately 
25 °C during the summer months, and the pH was between 7 and 8.
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Figure 2. Log enterococci numbers between July 96 and June 97 at the inlet and outlet of the
lagoons at Holmwood STW
8000.00
6000.00
4000.00
2000.00  -
0.00 - 
04/0' 
- 2000.00  -
9/06/9701/12/96 20/01/9% @1/03/97 30/04/!23/08/96 12/10/96
^ 1000.00
-6000.00
-8000.00 -
- 10000.00
4»—  Inlet 
* — O utlet
- 12000.00 1 Date
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Figure 4. Cusum chart of total coliform numbers/100 ml in the inlet and outlet of the lagoons at
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Figure 5. Cusum chart of total oxidised nitrogen concentration in the inlet and outlet of the lagoons
at Holmwood STW
The maximum removal efficiency for the bacterial parameters in the lagoons was satisfactory 
(Table 1), however, the mean removal was significantly lower for all the parameters. This 
difference shows the significant variability in the performance over the one year period. The lack of
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consistency may be explained by looking at the cusum charts which suggest that, for all the 
parameters studied, there is a distinct seasonal pattern, with a specific period where performance is 
particularly good. For E. coli, enterococci, BOD and suspended solids, performance appeared to be 
at its best during the cold winter months, and deteriorated as spring progressed (Figure 3). 
However, for COD, total coliforms and phosphate the opposite appeared to be true (Figure 4). 
Giardia and enterovirus removal efficiency seems to show less variability as the difference between 
the maximum and mean percentage removal is not as significant.
Although the relationship in the cusum charts is between each line and zero on the 
y-axis, the pattern of the outlet for all the determinands does appear to follow closely the pattern of 
the inlet. The lagoon effluent is therefore largely governed by the seasonal performance of the 
trickling filters. Biological processes tend to operate best during the warmer summer months, and it 
is therefore interesting that the highest removal in the lagoons for BOD and suspended solids was 
during the winter months. This may be due to the lower concentrations of the two determinands in 
the influent to the lagoons found during the summer, i.e. the lower the concentrations, the more 
difficult the substance is to remove. This assumes a first order removal mechanism, as discussed by 
Marais and Shaw (1961). During the winter there was a higher load on to the lagoons from the 
humus tanks, which may therefore have caused the higher percentage removals seen during this 
period. Alternately, there is some hydraulic effect which changes seasonally. The removal oîE. coli 
and enterococci may be higher during the winter months due to the longer retention times when the 
lagoons are run in parallel, and as they are less tolerant of low temperatures than other coliforms. 
The group of total coliforms covers a wide range of organisms, some of which are naturally 
occurring in the environment. Therefore, some of these organisms may be better adapted to low 
temperatures, which consequently increases the likelihood of their survival in the lagoon during the 
winter months.
It was expected that there would be little phosphorus removal through the lagoons as Toms et al. 
(1975) suggested that significant phosphorus removal will only occur through algal uptake. This 
was also the conclusion of Mara and Pearson (1986) and Houng and Gloyna (1984), although Toms 
et a l found that, at times, up to 80 percent of phosphorus removal could be accounted for by the 
precipitation of hydroxyapatite (Ca^PO^OH). This occurs at pH values of 8 and above, which are 
caused by the uptake of C 02 during algal photosynthesis when there is a high enough concentration 
of calcium. The pH of the lagoons was consistently between 7 and 8, and there was no evidence of 
large amounts of algal growth, even during the summer, as the lagoons were drained down before 
the populations could develop. For ammoniacal nitrogen, the poor performance may be explained 
by the very low concentrations found at the inlet (generally less than 0.5 mg/1) making it unlikely 
that any significant removal could be detected. The changes seen in the nitrite and nitrite 
concentrations might be explained by nitrification occurring in the lagoons, either in the sediment or 
on the vertical brushes, as these provide sufficient surface area for the attachment of the nitrifying 
bacteria. That this difference is not reflected in the ammoniacal nitrogen may be due to the 
formation of NH4-N from the hydrolysis of organic nitrogen in the lagoon. The poor COD removal 
observed may be due to a high percentage being soluble and resistant to any processes operating in 
the lagoons.
There does appear to have been some removal of E. coli, total coliforms and enterococci, although, 
as discussed above, the amount of removal was very variable. However, except at the maximum 
percentage removal, none of the samples would comply with the requirement for 10 000 total 
coliforms per 100 ml in the EC directive on bathing water. The removal of enteroviruses and 
Giardia is considerably less variable, and considerably higher than for any of the bacterial
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parameters. For enteroviruses, this may be due to the high solids removal during the winter and the 
low survival rate of the organisms during the summer. Most research indicates that the association 
of viruses with solids in wastewater is one of the most important factors in their removal during 
treatment (Lewis et al, 1986; Ohgaki et a l, 1986; Feachem et al, 1983; Chalpati Rao et al, 1981, 
Bitton 1975, 1980; Berg, 1973). Prolonged exposure of viruses to temperatures between 20 and 
40 °C was found by Kruse (1971) and Berg (1966) to cause viral inactivation. Temperature 
measurements showed that the water column was generally between 20 and 25 °C during the 
summer, but was much lower during the winter months ( 5 - 1 0  °C). The high mean percentage 
removal of Giardia cysts is more difficult to explain as the only proposed removal mechanism is 
sedimentation, and solids removal was poor during the summer. This is an area where further 
research is necessary. The poor overall removal of the bacteria may be due in part to the relatively 
short mean retention time (26 hours) of the lagoons since it is normally recommended that tertiary 
lagoons have a retention time of several days (Mara et a l, 1992). This is discussed in more detail in 
Part II of this paper.
SUMMARY
The lack of consistent performance over the year demonstrates the difficulties of using tertiary 
lagoons in a temperate climate. However, in this particular case, the lack of consistency for BOD, 
ammoniacal nitrogen and suspended solids is not problematic as the effluent from the trickling 
filters is of such high quality. The influent to the lagoon generally has less than 
10 mg/1 BOD and suspended solids, and less than 1 mg/1 ammoniacal nitrogen. The poor 
performance with respect to most of the parameters is thought to have been caused by the retention 
time of only 26 hours, as discussed above. If this could be increased, by improving the hydraulic 
nature of the lagoons, or if the lagoons could be operated in series during the summer, it might be 
possible to improve the amount of removal simply by increasing the amount of time in which the 
removal mechanisms have to operate.
It is believed that the regular cleaning cycle of the lagoons, together with the short retention-time, 
prevents the development of large algal populations. This consequently prevents a significant 
increase in suspended solids as a result of algae in the effluent, which can be a problem for more 
conventional tertiary lagoons.
The pH value of the lagoons rarely reaches 8, and it is therefore thought unlikely that it will 
contribute to bacterial removal. Some researchers (James, 1987; Pearson et al, 1987; Him 
et al, 1980; Metcalf and Eddy, 1979) have defined pH values ranging from 9 to 9.5 as the lethal 
level for bacteria, and stated that this was the main or even sole factor affecting the die-off of faecal 
coliforms. Fernandez et a l (1992), Gambrill et a l (1992), de Oliveira (1990) and Trousselier et a l 
(1986), among others, found that lagoons function perfectly well with respect to faecal coliform 
removal without ever reaching these critical pH values. Trousselier et a l (1986) also found that 
sunlight, pH and algae accounted for 77 to 88 percent of the variations in the numbers of faecal 
coliforms present in the lagoons they studied. Mayo (1995) reported poor correlation between pH 
and faecal coliform die-off, suggesting that factors other than pH were controlling removal.
The lagoons at Holmwood are not producing an effluent which will meet the bacterial requirements 
of either the WHO guidelines on wastewater or the EC directive for bathing water. However, some 
of the results for enterovirus concentration do meet the requirements for bathing water. This is
thought to be due to the lower tolerance of environmental conditions, as they cannot survive outside 
the well regulated temperature of the human body for very long.
CONCLUSIONS
• The routine monitoring of the lagoons Holmwood STW has shown that although good maximum 
removals were found, the removal of all parameters except Giardia and enteroviruses lacked 
consistency over the year. This is not a problem at this site as the influent to the lagoons 
generally contains concentrations of BOD, suspended solid and ammonia which are close to, or 
better than, the consent values.
• The effluent quality of the lagoons appears to be partly determined by the performance of the 
trickling filters.
• Ammonia and phosphorus removal does not take place in the lagoon system as predicted from 
the literature. Limited nitrification does appear to occur at Holmwood, either in the sediment or 
on the vertical brushes.
• None of the bacterial criteria for the WHO guidelines on wastewater reuse or the EC directive on 
bathing water were reached, but the enterovirus concentrations were close to complying with the 
EC directive requirements.
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ABSTRACT
Monitoring data over a year showed that the performance of a tertiary lagoon 
system in the United Kingdom was very variable. Distinct seasonal patterns were 
seen for all the determinands. Tracer studies and profile sampling of one of the 
lagoons were carried out in order to investigate the factors affecting performance.
The tracer studies, using sodium fluoride, indicated that the hydraulic regime was 
dispersed plug flow. The mean retention time was found to be 26 hours, but the 
peak in tracer concentration occurred after 12 hours, showing significant short- 
circuiting. During the profile sampling, the pH, temperature, DO and conductivity 
were measured down through the lagoon at 16 positions and four depths. E. coli, 
enterococci and total coliform numbers were measured in samples taken from the 
surface and the base of the lagoon. The results showed temperature decreased 
down through the lagoon, but the other parameters increased with depth, indicating 
that the short-circuiting was caused by the cooler influent sinking to the base of the 
lagoon.
Keywords: Tertiary lagoon; tracer study; profiling; United Kingdom
INTRODUCTION
The performance of two tertiary lagoons treating humus tank effluent in the UK was monitored for 
a period of one year. The parameters measured were biological oxygen demand (BOD), chemical 
oxygen demand (COD), suspended solids, ammoniacal nitrogen, nitrite, nitrate, total oxidised 
nitrogen (TON), soluble phosphate, E. coli, enterococci, total coliforms, Giardia, Cryptosporidium 
and enteroviruses. The lagoons were operated in parallel during the winter and singly, and 
alternately, during the summer. A full description of the site is given in Part I of this paper (Salter 
et a l, 1999). Previously published data (Salter et a l, 1999) showed that the performance of the 
system varied considerably over the period of one year. High maximum percentage removals were 
found for all the parameters measured, but these were not consistently achieved. Even at the 
maximum percentage removals, none of the bacterial criteria for the World Health Organisation’s 
(WHO) guidelines on wastewater reuse, or the European Community (EC) directive on bathing 
water (European Community, 1976) were met. Distinct seasonal patterns were seen for all the 
determinands; E. coli, enterococci, BOD and suspended solids removal appeared to be best during 
the winter, as was the removal of total oxidised nitrogen, nitrate and nitrite. Total coliform, COD 
and phosphate removal appeared to be best during the summer months.
1
For tertiary lagoons to be of use in temperate climates, their performance needs to be consistent, 
regardless of the large temperature differences seen over the course of a year. In order to gain a 
better understanding of the processes in the lagoons which influence the performance, detailed 
tracer and profiled sampling were carried out.
aquatic life at concentrations greater than approximately 3 mg/1. For the first test, a small volume 
of the tracer was used as the hydraulic regime was not known. For the first test, 10 kg of 3.5 
percent w/w NaF, supplied by Leverton-Clarke Ltd, were initially added to the inlet flow to the 
lagoons after the background fluoride concentration had been logged for 24-hours. The probe used 
was a Direction fluoride electrode, attached to a Grant Squirrel Logger. This gave a clear profile 
but the peak concentration was only 0.1 mg/1, and so the test was repeated using 25 kg of NaF. 
This pulse of tracer was added at 15:15 on 13 August 1997. The theoretical retention time of a 
single lagoon was found to be approximately 24 hours from flow measurements at the site.
Profiled sampling of the same lagoon was carried out during August 1997. The lagoon was divided 
into a grid of 16 sampling points, i.e. four sampling points in four lanes across the width of the 
lagoon, as shown in Figure 1. The sampling points were 5, 15, 25 and 35 m across the lagoon. 
Lane 1 was closest to the inlets, and lane 4 was closest to the outlets The measurements were taken 
from four points at 20 cm intervals vertically down through the lagoon. Measurements were taken 
of the pH value, dissolved oxygen concentration (DO), temperature, conductivity and the radiance 
of wavelengths of light between 350 and 1100 nm at each sample point. The pH value and 
temperature were measured using a WTW 197-S combined pH/redox meter. Dissolved oxygen 
concentration was measured using a WTW Oxi 323-B dissolved oxygen meter, and conductivity 
was measured using a WTW LF 323-B conductivity meter. Light absorbance was measured using 
a GER 1500 spectroradiometer with a fibre-optic probe attachment. Samples were also collected at 
the top and the base of the lagoon, and analysed for E. coli, enterococci, and total coliforms using 
the ‘Colilert’ method described in Part I of this paper.
The dispersion number of the lagoon was calculated from the results of the tracer study
using the method described by Levenspiel (1962). The value is calculated from a concentration 
versus time curve using the equation:
METHODOLOGY
Tracer studies were carried out using sodium fluoride (NaF) in one of the lagoons. NaF is toxic to
(1)
Where cr2 variance
The mean retention time, t , was then calculated using the equation:
(2)
Where t time, mins 
concentration, mg/1C
2
Sampling points
Sampling
lanes
Lane 3
Lane 1
Vertical
brushes
Inlets
Figure 1. Sampling points and the sampling lanes used in the profiling of a lagoon at Holmwood
STW
RESULTS & DISCUSSION 
Tracer Study
The background fluoride was found to be constant over the 24 hour period. Figure 2 shows the 
results for the second fluoride tracer study when 25 kg of 3.5 percent w/w NaF were used.
The tracer study (Figure 2) showed that the actual retention time of a single lagoon, which is 26 
hours is comparable with the theoretical retention time (24 hours), which suggests that there are no 
large dead-zones. The dispersion number of 0.259 and the shape of the graph in Figure 2 indicate 
that the hydraulic nature of the lagoon is dispersed plug flow. The peak concentration occurred 
approximately 12 hours after the tracer was added, indicating that there is significant short- 
circuiting. The concentration of fluoride returned to the background level after approximately two 
and a half days. Marais (1974) found, experimentally and theoretically, that plug flow lagoons 
gave the highest removal efficiencies for faecal coliforms. A single, completely mixed lagoon gave 
the worst efficiencies, so a series of lagoons was recommended. He concluded that the efficiency 
of removal increases as the number of lagoons are increased. For example, he stated that in a single 
pond up to 90 percent reduction in faecal coliforms could be achieved, but with two lagoons (each 
half the size) in series, up to 99.9 percent reduction could be achieved. These finding suggest that 
operating the Holmwood lagoons in series might improve the performance of the system.
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Figure 2. Profile of the concentration of fluoride measured at the outlet of a lagoon at Holmwood
STW
Lagoon Profiling
The weather on the day of the first profiling test was bright sunshine with some high cloud. The air 
temperature was approximately 29 °C. Figure 3 shows the average temperature at the four sample 
depths in the four lanes of the profiling grid. The results for the average dissolved oxygen 
concentration at the four depths at the four sampling points in the four lanes are illustrated in 
Figure 4, as they demonstrate the same general trends as conductivity and pH.
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Figure 3. Average temperature at the four sample depths at four distances across the lagoon at
Holmwood STW
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Figure 4. Average dissolved oxygen concentration at the four sample depths at four distances
across the lagoon at Holmwood STW
Figures 5 and 6 show the typical radiance for wavelengths between 350 nm and 950 nm at the 
surface and the base of the lagoon respectively. It can be seen that, unsurprisingly, the maximum 
radiance at the surface is significantly higher than at the base of the lagoon. The shape of the 
radiance graphs were the same for all the sample points; one peak at approximately 600 nm, and 
two others at approximately 700 nm and 800 nm. The first peak was due to phytoplankton 
chlorophyll (George, 1997a). The second two are thought to have been caused by very fine 
suspended solids (George, 1997b).
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Figure 5. Typical radiance at wavelengths from 350 nm to 950 nm at the surface of the lagoon
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Table 1 gives the average figures for numbers of E. coli, enterococci and total coliforms at the 
surface and the base of the lagoon. It can be clearly seen that there are fewer bacteria at the surface 
than on the base.
Table 1. Average numbers of E. coli, Enterococci and total coliforms at the surface and base of a 
___________ lagoon
Determinand E. coli enterococci Total coliforms
Surface 3.02 x 103 1.5 x l O2 2.028 x 104
Base 5.61 x 103 2.5 x 102 2.656 x 104
The lagoon profiling results highlight some general trends in all of the parameters measured; the 
temperature and radiation were highest at the surface of the lagoon, but the dissolved oxygen 
concentration and bacterial concentrations were highest at the bottom of the lagoon.
Figure 3 indicates that there is a distinct temperature gradient down through the lagoon except in 
the first row. This gradient has become particularly clear by the fourth row, which was sampled 
last, at about 14:00, by which time the lagoon had been in full sun for approximately 6 hours, 
compared to approximately 2 hours when the first row was sampled. Even though the difference in 
temperature through the water column is very small in the second row (between 0.2 and 0.4 °C), 
this is sufficient to cause a significant difference in the density of the water. The increase in 
conductivity with depth is thought to have been caused by the higher density of the colder water. 
This was confirmed by regression analysis of temperature and conductivity, which gave R2 of 0.9. 
The increase in pH with depth only became significant in the fourth row, where there were 
differences of 0.1 pH unit or greater, giving R2 of approximately 0.9. This increase in the pH value 
with depth is thought to have been due to the decrease in temperature. This is described in the 
Nemst equation, which relates the electromotive force (emf) of a suitable pH-measuring electrode 
to the hydrogen ion concentration:
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e =  e ° - ( S iog[H+] (3)
Where E = cell emf
E° = standard emf of cell 
R = the gas constant 
T = the absolute temperature 
F  = the Faraday constant, 96 485 coulombs/mole 
n = number of electrons involved in the equilibrium
The temperature difference does not explain the increase in the dissolved oxygen concentrations 
with depth (Figure 4). The saturated dissolved oxygen concentration rises by only 0.2 mg/1 for 
every 1 °C, and the increase in concentration with depth seen here is significantly greater. 
Regression analysis of temperature and dissolved oxygen gave an R2 value of only 0.5, showing 
that there is very poor correlation between the two determinands. The surface layer of water may 
have been stationary in the lagoon for some time and as there was no algal growth and therefore no 
photosynthesis, there will have been no inputs to the dissolved oxygen except from the atmosphere. 
The surface of the lagoon was very still, and unless there were high winds, there will have been no 
significant aeration from the atmosphere. The higher concentrations seen at the bottom of the 
lagoon must therefore be due to a hydraulic effect.
These temperature and density effects have significant implications for the hydraulic circulation in 
the lagoon, and hence performance of the lagoon. Cooler water entering the lagoon will sink to the 
base, despite a certain amount of mixing at the inlet caused by the drop from each inlet to the 
surface of the lagoon. A cooler influent may cause short-circuiting along the floor of the lagoon of 
an oxygen-rich influent, and thus reduce the performance during the summer. If the flow is short- 
circuiting along the base of the lagoon this will cause the re-suspension of any solids and associated 
BOD and bacteria that have settled, and vice versa during the winter, which may enhance 
settlement. This may help to explain the lower suspended solids and BOD, and possibly E. coli and 
enterococci removal performance during the summer discussed in Part I.
In general, the numbers of all the bacterial parameters were lower at the surface than at the base of 
the lagoon. This is thought to have been caused by the effect of the high temperature and high light 
intensity of all wavelengths. High temperature is a widely accepted mechanisms of pathogen 
removal (Marais and Shaw, 1961; Ferrara and Harleman, 1981; Mezrioui et al., 1995), although 22 
- 25 °C is quite modest compared to the temperatures experienced in lagoons in tropical countries. 
The high dissolved oxygen and light intensity cause the photo-oxidative removal reaction described 
by Curtis et al. (1992). These bacterial removal mechanisms are discussed in detail in the literature 
review paper of Maynard et al. (1999). The higher bacterial numbers found at the base o f the 
lagoon were due to the lower maximum radiance (approximately 40 000 W/cm2/nm/sr* 1010 at the 
surface compared to approximately 25 000 W/cm2/nm/sr* 1010 at the base of the lagoon. It is also 
possible that if the water at the base of the lagoon was short-circuiting, the retention time here was 
significantly shorter than at the surface, so any removal mechanisms will have less time in which to 
take effect. The high total coliform results at the surface may have been caused by a higher 
resistance to removal by the photo-oxidation mechanism of some species that make up this large 
group of organisms. There will also have been inputs of coliform bacteria from the ducks which
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visit the lagoons. Geldreich et a l (1962) found that a duck may excrete about 1010 E. coli per day, 
which can obviously be an important contribution.
SUMMARY
The short-circuiting of flow during the summer along the base of the lagoon, shown by both the 
tracer study and the profiling, will scour any solids and consequently the associated BOD and COD. 
However, it is possible that during the winter, the opposite will occur, i.e. there will be short- 
circuiting of the warmer influent flow across the top of the lagoon, which could be beneficial for 
the performance of the lagoon. The performance may also be enhanced by longer retention times 
when the lagoons are operated in parallel. These factors may explain the higher BOD and 
suspended solids removal during the winter. The higher removal may also be a result of the lower 
concentrations of the two determinands in the influent during the summer, assuming a first order 
removal mechanisms as proposed by Marais and Shaw (1961).
Gann et al. (1968) found that coliform removal was closely associated with the removal of BOD, 
and suggested that coliforms are unable to compete with other bacteria, but no correlation could be 
found in the data obtained in this project. The results of the profiling of the lagoon indicate that the 
numbers of bacteria are generally lower at the surface where the retention time is longer and the 
temperature is higher. Although the dissolved oxygen levels at the surface are lower than those at 
the base of the lagoon, the average surface concentration of approximately 4 mg/1 should be high 
enough for the photo-oxidation mechanisms described by Curtis et al (1992). The even higher 
concentration of dissolved oxygen at the base of the lagoon supports their finding which suggests 
parameter alone is not sufficient for bacterial removal. Curtis et al. (1994) also carried out a study 
to characterise the optics of lagoons and to discover the nature and cause of spectral and inter-pond 
variations in light penetration. They found that relatively little UV light can penetrate the water in 
lagoons because of the absorbance of gilvin (dissolved humic matter), algae and tripton (inanimate 
particulate matter). They point out that gilvin is known to be present in sewage and lagoons and 
absorbs strongly in the UV (Curtis, 1990; Haag et a l, 1986; Draper and Crosby, 1983). Tripton, 
which is made up of inert particulate matter, absorbs less light than gilvin, but has a similar 
absorption spectrum. Algae are photosynthetic and they therefore contain large amounts of 
pigments which will block the penetration of light (although there were no significant algal 
populations in the Holmwood lagoons). Mezrioui et al (1995), Mara et a l (1992) and Pearson et 
al. (1987) all found that the removal of faecal coliforms increased with increasing temperature. 
However, Mara and Pearson (1986) also state that the relationship must be indirect since high levels 
of removal were found in tertiary lagoons in comparison to anaerobic and facultative lagoons 
operating at the same temperature. The temperature of these lagoons during the summer months is 
only 21 to 25 °C, and this is low compared with those experienced in tropical countries.
CONCLUSIONS
• Tracer studies showed that the retention time of a single lagoon is approximately 26 hours. The 
dispersion number is 0.259, which demonstrates that the hydraulic regime in the lagoons is 
dispersed plug flow, but with significant short-circuiting illustrated by the difference between 
the time of the peak concentration and the time when the fluoride concentration returned to 
background levels.
• The profiling study suggests that the short-circuiting is caused by the difference in temperature 
between the water in the lagoon and the water entering the lagoon. The colder influent sinks to
8
the base and passes quickly through the lagoon, causing very little disturbance to the warmer 
upper layers of water. This is confirmed by the differences in the dissolved oxygen 
concentrations found with depth. This short-circuiting may explain the poor removal 
performance during the summer months for BOD, COD and suspended solids.
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ABSTRACT
A tertiary lagoon at Chesham Sewage Treatment Works in the United Kingdom 
was sampled over a three month period. The lagoon is approximately 130 m by 50 
m, receives domestic wastewater only. The lagoon follows a conventional 
oxidation ditch and secondary settlement tanks, and the site serves approximately 
30 000 people. The aim of the work is to gain a greater understanding of the 
performance of the lagoon with respect to a number of chemical, biological and 
physical parameters. Samples were analysed for E. coli, enterococci, total 
coliforms, BOD, COD, suspended solids, ammoniacal nitrogen and TKN. 
Occasional samples were also analysed for Cryptosporidium, Giardia and 
enteroviruses. Poor mean removals were seen for all parameters, although 
comparison with limited data for the winter suggested that performance was better 
during the summer months. No ammoniacal nitrogen removal was found, and 
increases in the concentration are thought to have been due to the breakdown of 
TKN. The bacterial criteria for the WHO reuse guidelines and the EC bathing 
water directive were met on only two occasions, and, on a few occasions, the 
enterovirus numbers were close to complying with the EC directive.
Key words - Performance; removal mechanisms; tertiary lagoon; United Kingdom
INTRODUCTION
The requirement to improve the quality of rivers in the United Kingdom has lead to a greater 
demand on wastewater treatment processes. The Royal Commission 30:20 standard for suspended 
solids and BOD has, at many sites, been superseded by a 10:10 consent. Such a standard is difficult 
to achieve on a 95 percentile basis with just a clarifier following conventional secondary treatment 
provided by a trickling filter or activated sludge. Tertiary treatment is required, usually in the form 
of a filtration process. One low cost alternative to filtration is the use of tertiary lagoons.
The primary function of tertiary lagoons in most parts of the world is the removal of pathogenic 
organisms, and the size and number of these lagoons will normally be determined by the required 
microbiological quality of the final effluent. The standards often applied to wastewater treatment 
works’ effluents are the World Health Organisation’s (WHO) guideline values for wastewater reuse 
(1000 faecal coliforms per 100 ml and 1 nematode egg per litre) and the European Community 
mandatory values for bathing waters (10 000 total coliforms, 2 000 faecal coliforms and zero 
Salmonella and enteroviruses per 100 ml). However, in the region covered by Thames Water 
Utilities Ltd. in the UK, tertiary lagoons have been installed to remove suspended solids, as
1
described in the IWEM manual for tertiary treatment (IWEM, 1994). There are currently no design 
guidelines for this type of lagoon, apart from a recommended depth range of 0.8 m to 2.6 m, with a 
normal depth being approximately 1 m.
This paper discusses the results obtained between May and the end of July 1998. Chesham is 
approximately 25 miles north-west of London, and receives domestic wastewater only. The 
population equivalent is approximately 30 000, and secondary treatment is provided by an 
oxidation ditch. The tertiary lagoon, shown in Figure 1, treats all the flow from secondary 
treatment, after the secondary settlement tanks.
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Figure 1. Layout and dimensions of the lagoon at Chesham STW
METHODOLOGY 
Routine monitoring
24 hour composite samples were taken four days a week using a Sigma 900 autosampler from the 
inlet channel, which receives the combined effluent from the secondary settlement tanks, and from 
the final discharge point of the site. Every sample was analysed for E. coli, enterococci, total 
coliforms, ammoniacal nitrogen, total Kjeldahl nitrogen (TKN), biological oxygen demand (BOD), 
chemical oxygen demand (COD) and suspended solids. Occasional samples were analysed for 
Cryptosporidium, Giardia and enteroviruses.
The analyses for E. coli, enterococci, and total coliforms were carried out within four hours of the 
samples being collected. “Colilert” was used to determine the number of E. coli and total coliforms 
present in a sample. This test is an enzyme detection method, and the formation of a yellow colour 
indicates the presence of coliforms, which will fluoresce if E. coli are present. “Enterolert” is used 
to determine the number of enterococci, and is based on a similar mechanism. Cryptosporidium 
and Giardia were analysed for by the standard method (SCA, 1989). This method is based on a 
fluorescent linked monoclonal test, using a monoclonal reagent marketed by Cell Lab (Bradsure 
Biologicals). Enteroviruses were analysed for by mixing a concentrate of the original sample with 
a cell suspension in agar medium containing neutral red vital stain and incubating in the dark in an 
atmosphere of 5 percent v/v C 02 in air. Viral plaques were then counted and could be sub-cultured 
for confirmation and identification.
The American Monitor AQUA 800 Analyser was used to determine the concentrations of 
ammoniacal nitrogen and TKN. This is an automated analyser designed for the quantitative 
measurement of analytes in water. The nitrate concentration is calculated from the difference
52 m.
Inlet
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between the concentrations of total oxidised nitrogen and nitrite. The method for determining the 
BOD was based on the method described in the Standard Methods (SCA, 1988). The method for 
determining the COD of a sample was based on a one tenth scaled-down sealed tube version of the 
German Standard Methods (1980). Suspended solids were also determined following the Standard 
Methods (SCA, 1980). Chlorophyll a concentrations were obtained by filtration of the sample on 
to a glass fibre disk, followed by extraction into methanol. Measurements could then be made on a 
spectrophotometer. Particulate organic carbon concentrations were determined by filtration of the 
sample, treatment with a carbon digestant and titration with ferrous ammonium sulphate/ sulphuric 
acid titrant.
RESULTS
A summary of the results from the analysis of influent and effluent samples and the mean removal 
over the 3 months is given in Table 1. Cryptosporidia oocysts were found only on two occasions 
(2 Cryptosporidium /I) during the routine sampling. The quality of the influent to the lagoon was, 
generally, very good. The average values of BOD and suspended solids are below the Royal 
Commission 30 : 20 standard and also below the more strict effluent consent value, 10 :10, for the 
site. There is also an agreement with the Environment Agency for the site that ammoniacal 
nitrogen concentrations will be below 0.5 mg/1, and this was clearly met.
The BOD and COD concentrations varied very little between the inlet and outlet values, as shown 
in Figure 2. The poor removal may have been due to the first order removal kinetics proposed by 
Marais in (1961), as the lower the concentration, the more difficult the substance will be to remove. 
Also, the COD of 25 mg/1 is almost all soluble non-biodegradable, and it should be noted that the 
BOD and COD concentrations at the inlet are very near to the limit of measurement. The 
suspended solids removal obtained was also poor, although the effluent quality was still acceptable. 
The peaks in concentration of suspended solids in the effluent on 20 and 30 of July (18.5 and 10.0 
mg/1 respectively) were probably due to the disturbance of the sludge blanket after the mapping 
exercise described in Part II of this paper.
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Figure 2. Concentration of BOD in the inlet and outlet of Chesham lagoon
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The ammoniacal nitrogen concentration also remained virtually constant, and the small increase 
may have been due to the breakdown of organic nitrogen.
Table 1. Summary of performance of Chesham lagoon during May to July 1998.
Parameter
Inlet
Range Average
Outlet
Range Average
Mean
Removal
BOD (mg/1) 1 .0-3 .9 2.4 1.0-5.1 2.5 - 3.0 %
COD (mg/1) 2 0-31 25.7 20.3-31 25.4 1.1 %
SS (mg/1) 0.3 - 20.5 5.9 0.6-18.50 4.4 25.2 %
Ammoniacal 0.1 - 1.6 0.35 0.1 -0 .7 0.3 - 7.8 %
nitrogen
(mg/1)
TKN (mg/1) 0.3 - 4.9 1.4 0.6 - 3.7 1.7 - 15.3 %
Total coliforms/ 3.8 x 103 - 6.0 x 105 1.6 x 10s 4.1 x 103 - 3.9 x 10s 5.6 x 104 0.5 log
100 ml
E. coli /100ml 9.5 x lO 2 - 1 .7 x l0 5 4.1 x 104 3.1 x 102 - 9.8 x 104 1.2 x 104 0.6 log
Enterococci /100ml 1.3 x 102 - 7.6 x 104 5 x  103 10 - 7.3 x 103 1.5 x 103 0.7 log
Giardia /1 0 -2 6 10.8 0 -2 0 2.9 0.6 log
Enteroviruses/1 6 -7 4 4 118.2 0 -2 6 2 97.3 0.1 log
Chlorophyll a (pg/1) 0.6-13.1 3.9 1.3-12.6 5.6 -41.3%
POC (pg/1) 617 - 3033 1259 386 - 1885 812.1 35.5 %
The trends seen for the removal of enterococci, total coliforms and E. coli were similar. The 
removal efficiency was generally poor, although on two occasions E. coli numbers in the effluent 
were below the values recommended by WHO (1989) for waste water reuse (1 000 E. coli per 100 
ml). Total coliform numbers were also below the requirements for bathing water given by the EC 
directive (10 000 total coliforms per 100ml) on two occasions, as shown in Figure 3. The average 
reduction of enteroviruses was poor, whereas the removal of Giardia was acceptable.
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Figure 3. Log of total coliform numbers per 100ml in the inlet and outlet of Chesham Lagoon
The concentration of Chlorophyll a increased through the lagoon, although the particulate organic 
carbon decreased, which was the reverse of the expected trend. The increase in Chlorophyll a 
indicates that there was some algal growth. The reduction of POC was probably related to the SS 
removal, as some organic particles will have settled.
DISCUSSION
The slight increase in the effluent BOD concentration from the lagoon at Chesham may have been 
due to either an inaccuracy in the laboratory analysis, as the effluent BOD concentration was very 
low, or due to algal growth; Mara et a l (1992) and Pearson (1996) point out that up to 80 percent 
of the BOD in lagoon effluent can be due to the algal content. The results agree with those of 
Soares et al. (1996), who found negligible BOD reduction in a maturation lagoon in a WSP system 
in Brazil. The low BOD concentration in the influent may make further reduction hard to achieve, 
i.e. the lower the concentrations, the more difficult the substance is to remove. This assumes a first 
order removal mechanism, as discussed by Marais and Shaw (1961). However, Toms et al. (1975) 
reported BOD removal of 66 percent from the Rye Meads STW lagoon system. No references to 
COD removal from tertiary lagoons were found in the literature. Several authors report increases in 
SS in the effluent from maturation lagoons. Toms et al. (1975) reported that the suspended solids 
increased during the summer months from 3 mg/1 to 26 mg/1 and they suggested that this was a 
consequence of the growth of algae. The reduction of SS concentration in Chesham lagoon was 
thought to have been due to settlement as the algal activity is minimal.
There was also an increase in the concentration of ammoniacal nitrogen and TKN in the effluent, 
rather than removal expected. This could have been caused by the breakdown of organic nitrogen to 
ammoniacal nitrogen or the presence of aquatic birds. These results are contradictory to those of 
Soares et al. (1996) and Silva et al. (1995), who found high levels of nitrogen removal. However, 
their work was carried out on a lagoon with HRT between 1 and 7 days, and the HRT of the 
Chesham lagoon is significantly shorter, as discussed in Part II of this paper. The values of 
ammoniacal nitrogen in the effluent of the lagoon are also low, and the removal may be first order
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at these very low concentrations, as for BOD, and would therefore be expected to be low, as 
discussed above.
It is clear from the literature that the mortality of bacteria depends on a number of factors including 
time, temperature, high pH, reduction of nutrients and sunlight, as discussed by Maynard et al 
(1999). Qin et al. (1991) found a good relationship between bacterial removal and hydraulic 
retention time, and Polprasert et al. (1983) found more than 1 log bacterial removal in a maturation 
lagoon when the HRT was 20 days. Mayo (1995), Pearson et al. (1987) and Mills et al. (1992) 
found that at high temperatures the efficiency of bacterial removal increased. This is though to be 
due to the increase in metabolic activity at higher temperatures leading to the creation of starvation 
conditions. Mezrioui et al (1995a) found that E. coli numbers decreased more rapidly during the 
summer months than in autumn. Moeller and Calkins (1980) found that, during the winter months, 
the density of coliform bacteria was higher than in the summer. It is therefore likely that the 
removal efficiency in the lagoon is the higher during the summer months compared with the 
removal in the other seasons. Consequently, the values obtained during this research need to be 
compared with values obtained for other seasons. Only limited data are available for the winter due 
to problems with the sampling equipment. However, the data do indicate that the removal of the 
bacterial parameters was not as good during the winter months as during the summer months; a 
mean percentage removal of only about half that of the summer data.
The influence of the pH on the mortality of bacteria has been proposed by several authors. High 
values of pH have been found to cause a bactericidal effect in E. coli (Mezrioui et ah, 1995b ; 
Pearson et a l, 1987). However Mayo (1995) and Moeller and Calkins (1980) found a poor 
correlation between the mortality of bacteria and the pH values. Davies-Colley et al. (1997) found 
that at a pH value of 7.5 and a temperature of 20 °C, the inactivation of faecal coliform (including 
E. coli) was much slower compared to the inactivation of enterococci. The pH values found at 
Chesham were between 7 to 8 and pH therefore probably did not play an important role in the 
reduction of bacteria, although the results of Davies-Colley et al. (1997) do indicate that some 
reduction of enterococci was possible under the conditions present during the research. Some 
workers (James, 1987; Pearson et a l, 1987; Him et a l, 1980; Metcalf and Eddy, 1979) have 
suggested that pH was the main or even sole factor affecting the die-off of faecal coliforms. 
However, Fernandez et al (1992), Gambrill et al. (1992), de Oliveira (1990) and Trousselier et al. 
(1986), among others, found that lagoons function perfectly well with respect to faecal coliform 
removal without ever reaching these critical pH values.
Curtis et al (1992) proposed that the removal of faecal coliforms is due to the interaction of light, 
high pH and high DO in a photo-oxidative reaction catalysed by humic acids, although Mayo 
(1995) and Pearson et al, (1987), found poor correlation between the DO and faecal coliform 
removal. Saqqar et al. (1992) reported that faecal coliform removal increased with an increase in 
temperature, solar radiation and pH. Davies-Colley et al. (1997) found that UVB, UVA and blue- 
green visible contributed to an increase the mortality of enterococci and that UVB contributed to E. 
coli removal. Mayo (1995, 1989) found that the mortality of faecal coliform was faster close to the 
surface of the lagoon, and decreased as the depth increased. He also found that in the deeper 
section of the lagoon the bacteria survived longer. Therefore the faecal coliform removal increased 
with increasing sunlight, and is thus also a function of pond depth. It can be concluded that, in the 
Chesham lagoon, the removal of faecal coliforms is likely to have been at least partly due to 
sunlight, and this is expected to have taken place in the top part of the water column. Saqqar and 
Pescod (1992) and Mezrioui et al. (1995a) also found that where sunlight cannot affect the 
mortality of bacteria, predation and starvation can play a significant role. However, more work 
would be needed to be carried out before this could be considered as a mechanism of removal at the
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lagoon at Chesham, as other workers, such as Mayo (1995), Mayo and Gondwe (1989), Mills et al 
(1992) and Skerry and Parker (1979) have found these two factors to be insignificant.
Pearson et al. (1987) measured the DO in two maturation lagoons in Portugal and found it was 
constant from the surface to 20 cm depth at 20 mg/1. The high value would have been due to 
supersaturation of the water from the photosynthesising algae. The DO in Chesham was only 
between 1.5 to 6.5 mg/1 due to the lack of significant algal activity. The poor overall removal of 
the bacteria may be due in part to the relatively short mean retention time (14 hours) of the lagoons 
since it is normally recommended that tertiary lagoons have a retention time of several days (Mara 
et a l, 1992). 14 hours is an insufficient retention time for the establishment of a healthy algal 
population.
The concentration of Chlorophyll a in the effluent in Chesham was between 1.3 and 12.6 pg/1 
which was extremely low compared with the values observed by Silva et al, (1995) who reported a 
range of Chlorophyll a concentrations in maturation lagoons in Brazil, between 363 and 537 pg/1 
(temperature of 23 °C and HRT of 5 days). This could be due to the very low HRT found in 
Chesham lagoon, as recommended Mara et al, (1992b), algae required a lagoon with HRT of 5 days 
for growth.
Most research indicates that the association of viruses with solids in wastewater is one of the most 
important factors in their removal during treatment (Lewis et al, 1986; Ohgaki et a l, 1986; 
Feachem et al, 1983; Chalpati Rao et al, 1981, Bitton 1975, 1980; Berg, 1973). Prolonged 
exposure of viruses to temperatures between 20 and 40 °C was found by Kruse (1971) and Berg 
(1966) to cause viral inactivation. Therefore some part of the reduction of enteroviruses in 
Chesham may be related to the suspended solids removal and to the warm temperatures in the water 
column. Grimason et a l  (1996) found some reduction of Giardia is due to sedimentation and 
predation, and this may have been occurring in the lagoon at Chesham. The mechanisms of 
enterovirus and Giardia removal do, however, need further investigation.
CONCLUSIONS
• The routine monitoring of the lagoons at Chesham STW has shown that the mean removal of all 
parameters was low. This is not a problem at this site as the influent to the lagoons generally 
contains concentrations of BOD, suspended solid and ammoniacal nitrogen which are better than 
the consent values.
• The effluent quality of the lagoons appears to be largely determined by the performance of the 
upstream processes.
• The removal of ammoniacal nitrogen does not take place in the lagoon system, as predicted from 
the literature, and there was often an increase, thought to have been due to the break down of 
TKN.
• The bacterial criteria for the WHO guidelines on wastewater reuse and the EC directive on 
bathing water were reached on only two occasions, and the enterovirus concentrations were 
close to complying with the EC directive requirements on a few occasions.
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ABSTRACT
Monitoring data over a year showed that the performance of a tertiary lagoon 
system in the United Kingdom was very variable. Distinct seasonal patterns were 
seen for all the determinands. Three tracer studies and profile sampling of one of 
the lagoons were carried out in order to investigate the factors affecting 
performance. The tracer studies, using sodium fluoride, indicated that the 
hydraulic regime was dispersed plug flow, although to different degrees for each 
test. Observations indicated that there was one zone where significant short- 
circuiting occurred, and the remainder formed a zone of slow recirculation. The 
mean retention time was found to be 13 hours, considerably less than the 
recommended minimum of 3 days. During the profile sampling, the pH, 
temperature, DO and conductivity were measured down through the lagoon at 16 
positions and four depths. All parameters were found to decrease with depth. The 
study highlights the importance of developing fully integrated three-dimensional 
hydraulic models for lagoons.
Keywords - Tertiary lagoon; tracer study; profiling; United Kingdom
INTRODUCTION
The performance of a tertiary lagoon in the UK treating the effluent from secondary settlement 
tanks was monitored. The parameters measured were biological oxygen demand (BOD), chemical 
oxygen demand (COD), suspended solids, ammoniacal nitrogen, total Kjeldahl nitrogen (TKN), 
E. coli, enterococci, total coliforms, Giardia, Cryptosporidium and enteroviruses. Data presented 
in Part I of this paper showed that the performance of the system was poor; even at the maximum 
percentage removals, the bacterial criteria for the World Health Organisation’s (WHO) guidelines 
on wastewater reuse, or the European Community (EC) directive on bathing water (European 
Community, 1976) were met on only two occasions.
In order to gain a better understanding of the processes in the lagoon which influenced its 
performance, detailed tracer studies and depth profiled sampling were carried out at Chesham 
Sewage Treatment Works (STW), based on the study at Holmwood STW by Salter et al. (in press). 
This paper discusses the results obtained between May and August 1998. Chesham is 
approximately 25 miles north-west of London, and receives domestic wastewater only. The 
population equivalent is approximately 30 000, and secondary treatment is provided by an 
oxidation ditch. The tertiary lagoon, shown in Figure 1, treats all the flow from secondary 
treatment, after the secondary settlement tanks.
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Figure 1. Layout and dimensions of the lagoon at Chesham STW
METHODOLOGY
Tracer studies
Three tracer studies were carried out using 3.5 percent w/w sodium fluoride (NaF) supplied by 
Leverton-Clarke Ltd at different flow conditions; two during a period of low flow, and one during
peak flow. The background fluoride concentration was logged using an ion-selective electrode at 
the inlet, and another probe used at the outlet for monitoring. The probes used were Direction 
fluoride electrodes, attached to Grant Squirrel Loggers. 75 1 of NaF were added at the inlet for the 
studies of low flow, and 150 1 for the high flow measurements. The volume of fluoride required to 
give a maximum peak of 1.5 mg F/l in the outlet was calculated based on the flow, assuming that 
the flow to the lagoon was dispersed plug flow. Flow was measured for the period of the test using 
the Warren Jones ultrasonic flow meter on the site. The fluoride probes were calibrated using 
solutions of fluoride with concentrations between 0.1 and 10 mg F/l. This was carried out before 
each test using a voltage logger, and the measured values plotted against the log of concentration in 
order to obtain the slope. This figure was used to convert the voltage readings from the Squirrel 
loggers to concentrations.
The dispersion number, , of the lagoon was calculated from the results of the tracer study
using the method described by Levenspiel (1962). The value is calculated from a concentration 
versus time curve using the equation:
(1)
Where a 2 = variance
The mean retention time, / ,  was then calculated using the equation:
(2)
Where t = time, mins 
C = concentration, mg/1
2
Profiling
The lagoon was divided into a grid of 6 lines 10 metres apart over the width and 6 lines 20 metres 
apart down the length, as shown in Figure 2 (Navarro, 1998). The measurements were taken every 
20 cm down through the lagoon, starting from the surface at each sample point. Measurements 
were taken of the pH value, dissolved oxygen concentration (DO), temperature and the depth to the 
sludge blanket. The pH value and temperature were measured using a WTW 197-S combined 
pH/redox meter. Dissolved oxygen concentration was measured using a WTW Oxi 323-B 
dissolved oxygen meter, and the depth to the sludge blanket using a Portable sludge blanket level, 
System 715.
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Figure 2. Diagram of the profile sampling grid
RESULTS 
Tracer studies
Equations were obtained from a standard calibration curve of the ion selective electrode, which 
were used to calculate the concentration of the fluoride present in the effluent from the voltage 
readings obtained. A summary of the results from the tracer studies is shown in Table 1. During 
the tracer test the flow from the lagoon was measured hourly. The average flow was used in 
calculations, but very little variation was found during the key periods of the tracer study, i.e. up to 
one nominal retention time. The following hydraulic retention times (HRTs) were calculated :
• HRT 1 : Nominal retention time calculated based on the volume of the lagoon and the mean 
flow during the tracer test.
• HRT 2 : Time that coincides with the maximum in the concentration curve.
• HRT 3 : Time that coincides with the exit of 50 percent of the cumulative mass of F, t50. This 
should correspond, for a normalised plot, to the nominal retention time.
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Table 1. Summary of the results from tracer tests
Parameter Test 1 Test 2 Test 3
Date 23/06/98 7/06/98 14/08/98
Average flow (1/s) 235 230 185
Amount of NaF (1) 75 75 150
HRT 1 (h) 10.6 10 12
HRT 2 (h) 2.2 7 5.5
HRT 3 (h) 13.5 14 11
D/wL 0.43 0.22 0.48
The HRT 2 for the first test is very short, probably due to the heavy rain in the days prior to the test 
causing a dramatic increase in the flow to the lagoon. The dispersion number of 0.43 also suggests 
that the hydraulic regime was closer to complete mixing than to plug-flow for this test. The 
dispersion number is the lowest for test 2, suggesting the hydraulic regime is closer to plug-flow 
than the other two tests, and HRT 2 is close to the nominal retention time. HRT 3 was closest to 
the nominal retention time for test 3, and also had the highest dispersion number, again suggesting 
a hydraulic regime close to complete mixing.
Figure 3 shows the normalised RTD curves for the three curves.
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Figure 3. Normalised RTD curves for Tests 1, 2 and 3
The different shapes of the RTD curves explain the differences in the dispersion numbers for each 
test. The maximum in the curve for Test 1 indicates that only about 20 percent of the pond volume 
has been used because of the severe short-circuiting. The dispersion number of 0.43 suggests that, 
overall, the hydraulic regime is closer to complete mixing than plug flow. For Test 2, the 
maximum had moved to the right, towards 1, denoting the decrease in short circuiting. This is also 
demonstrated by the smaller dispersion number of 0.22, showing that the hydraulic regime was 
closer to plug-flow conditions than in Test 1. The width of the peak however indicates that there 
was quite a high level of dispersion. The maximum in the curve for Test 3 shows that only about 
50 percent of the lagoon volume was used. However, HRT 3, the t50, was close to the nominal
4
retention time, HRT 1. This, combined with the dispersion number of 0.48 and the width of the 
peak, suggest that hydraulic conditions tended towards complete mixing.
Profiling
The overall depth of the lagoon was found to be 1.6 m, with between 25 and 50 cm of sludge. The 
thickness of the sludge blanket started to increase approximate 30 metres from the inlet, as can be 
seen in Figure 4.
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Figure 4. Depth of sludge blanket in Chesham lagoon
The pH value was generally constant, remaining between 7 and 8, with the highest value of just 
above 8 close to the surface. Figure 5 shows the variations of pH at different depths along the 
length of the lagoon on the line C. These variations in pH were similar along all other lines. Close 
to the inlet, the pH value was high, and then started to decrease, before increasing again 30 metres 
from the inlet. This is thought to have been due to the production of hydroxide ions as a by­
product of photosynthesis. The temperature range was from 17 to 19 °C. Higher temperature values 
coincided with higher pH values 70 metres from the inlet. The values of pH at a depth of 100 
centimetres were significantly higher than elsewhere, possibly due to disturbance of the sludge 
blanket causing interference with the measurement.
7.46
7.44 _.
7.42 . .
7.40
7.38 . .
—#— 0 cm 
—■ —20 cm
■ x  60 cm
—e — 100 cm
7.36
7.34
7.32
10 30 50 70 90 110
Figure 5. pH at different depths along the length of line C
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The dissolved oxygen concentration increased along the length of the lagoon, as indicated in 
Figure 6, possibly caused by oxygen produced by the photosynthetic activity of the algae. This 
may have been a temporal effect due to the time taken to sample each lane, with greater 
photosynthetic activity occurring later in the day as the sun became stronger. The values of the DO 
at 100 cm, as for pH, were high, probably due to the disturbance of the sludge blanket interfering 
with the operation of the pH and DO meters.
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Figure 6. Dissolved oxygen at different depths along the length of Chesham lagoon 
DISCUSSION
Chesham lagoon was built as a tertiary process to remove suspended solids from the effluent from 
the secondary treatment process before discharging it to the river. This is the main purpose of 
tertiary lagoons in the UK (IWEM, 1994; Mara et al, 1992a; Vuillot and Boutin, 1987; Curds and 
Hawkes, 1983; Toms et al, 1975). The nominal retention time of approximately 11 hours is low 
compared that recommended for avoiding short circuiting and for achieving the removal of faecal 
coliforms (Marais, 1974; Mara et al, 1992b), although the depth of the lagoon is in keeping with 
the recommendations from the design guidelines (IWEM, 1994). Hydraulic short-circuiting is a 
common problem for lagoon systems. For example, Frederick and Lloyd (1995) found significant 
short-circuiting in a WSP system in the Cayman Islands with a nominal retention time of 11.5 days, 
but the maximum concentration of the tracer appeared after only a few hours.
During the mapping exercise, the flow in the lagoon was observed to have a flow pattern as shown 
in Figure 7; the influent jets directly to the far wall, and follows this along until part exits, and part 
sets up a re-circulation pattern. This does explain the patterns of flow seen in the three tracer tests; 
all that varied between the tests was the amount of flow which was included in the short-circuiting 
of the influent directly to the outlet, and how much recirculated before exiting.
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Figure 7. Observed flow pattern in Chesham lagoon
Levenspiel (1972) proposed a multi-parameter model to described this type of system, when the 
reactors have different plug flow, dispersed plug flow, mixed and dead zones interconnected in 
various ways as bypass and recycle. Moreno (1990) and WHO (1987) proposed the completely 
stirred tank reactor model (CSTR) to described the behaviour of the lagoons. However, Polprasert 
and Bhattarai (1985) stated that it is only possible to use this model if the active zone of the lagoon 
is half of the total volume. Ferrara and Harleman (1981) proposed an “active and dead zone” 
model. This model has a short retention time in the active zone compared with the dead zone. A 
similar pattern can be seen with Chesham lagoon, where the concentration of the tracer show a 
early peak and long low tail due to the dead zone. This pattern was also seen in computational fluid 
dynamic (CFD) models of lagoons by Salter et al. (1999), Shilton (1999) and Wood et al. (1998).
There is no clear advice in the literature on the most suitable hydraulic flow pattern for tertiary 
lagoons, although the majority of authors have recommended promoting plug flow conditions. It is 
known that increasing the length to width ratio decreases the dispersion number, i.e. there is an 
increase in the plug flow characteristics. Very little work has been carried out to determine the 
optimal lagoon geometry, which obviously will have a major influence on the flow pattern. No 
definite design criteria have been proposed for building either plug flow or perfectly mixed 
lagoons. Despite their recommendations for plug flow, several workers, for example, Mara and 
Pearson (1987) and Arthur (1983), have also stressed the importance of good mixing to ensure high 
levels of bacterial removal. The information in the literature is conflicting, and therefore an area 
where there is an urgent need for more research. In real lagoon systems, flow conditions will vary 
from day to day, if not from hour to hour, making investigations to compare performance with 
hydraulic regime extremely difficult, as demonstrated by the work of, for example, Racault et al. 
(1984) and Mangelson and Watters (1972). Existing mathematical models are handicapped by their 
limitation to only one or two dimensions. Numerous authors, such as Weatherell et al. (1999) and 
Salter et al. (in press) have demonstrated that there is more variation in conditions in the vertical 
plane than the horizontal plane. The development of modelling techniques, such as computational 
fluid dynamics (CFD), which can integrate the third dimension, is therefore essential.
The tracer tests in Chesham showed that between 80 and 20 percent of the total volume of the 
lagoon was not being used for treatment. The short circuiting was greatest when the flow was high, 
as expected, in Test 1. However, the best hydraulic regime, Test 2, also occurred under high flow 
conditions. It is thought possible that this may have been due to other climatic conditions which 
could have effected the flow, such as thermal stratification or wind. Wang and Pereira (1988) 
proposed using values of d between 0.1 and 2.0 in the Wehner and Wilhem’s equation (Wehner and 
Wilhem, 1959) for design of WSP. Polprasert and Bhattarai (1985) suggest that if the lagoon has 
values of d less than 1, the lagoon is operating as plug-flow system, therefore there will be less 
short-circuiting and greater time for the removal of all parameters.
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The relationship between the dispersion number and the lagoon length to lagoon width (L/W) ratio 
is another important aspect. Agunwamba (1992) and Polprasert and Bhattarai (1985) found from 
comparisons of performance that if  the value of the L/W ratio increased, the dispersion number 
would decrease. If the value of the L/W ratio increases, the system will be operating closer to plug- 
flow conditions and consequently it is possible obtain better sedimentation of solids, stabilisation of 
the organic mater and good inactivation of pathogens from the lower turbulence and longer 
retention time (Polprasert and Bhattarai, 1985).
CONCLUSIONS
• The hydraulic retention time of the lagoon was found to be between approximately 11 and 14 
hours, which is far shorter than the minimum recommended retention time of 3 days.
• The RTD curves for all tracer tests indicate that there was short-circuiting of up to 80 percent of 
the lagoon volume. This was confirmed by observations of the lagoon, showing the influent 
jetting along the far wall and directly to the outlet, while the remainder of the flow set up a slow 
recirculation pattern.
• The presence of up to 50 cm of sludge, out of a total depth of 1.6 m, also have contributed to the 
short-circuiting, as less of the pond volume was available.
• Vertical variation in DO, pH and temperature was seen, demonstrating the importance of 
developing three-dimensional models for lagoons.
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ABSTRACT
Two tertiary lagoons which had previously been operated in parallel were modified 
to operate in series. The system was monitored for one year, between July 1998 
and July 1999. 24-hour composite samples were taken and analysed for biological 
oxygen demand (BOD), suspended solids, total coliforms, enterococci, E. coli and 
occasionally for Giardia, Cryptosporidium and enteroviruses. The data were 
compared with the results presented by Salter et al (in press a) for the lagoons in 
parallel by analysis of variance, boxplots and loess plots. No significant 
improvement in performance was found, despite the increase in retention time of 
the system. Distinct seasonal variation was found for all parameters except BOD, 
but different seasonal behaviour between the two periods was only found for total 
coliforms and suspended solid.
Keywords - Tertiary lagoons; series; parallel; statistical analysis; United Kingdom
INTRODUCTION
Salter et al (in press a) discussed the results of one year of monitoring of two tertiary lagoons at 
Holmwood Sewage Treatment Works (STW). The parameters measured were biological oxygen 
demand (BOD), chemical oxygen demand (COD), suspended solids, ammoniacal nitrogen, nitrite, 
nitrate, total oxidised nitrogen (TON), soluble phosphate, E. coli, enterococci, total coliforms, 
Giardia, Cryptosporidium and enteroviruses. The lagoons were operated in parallel during the 
winter and singly, and alternately, during the summer. The results showed that the performance of 
the system varied considerably over the monitoring period. High maximum percentage removals 
were found for all the parameters measured, but these were not consistently achieved. Even at the 
maximum percentage removals, none of the microbiological criteria for the World Health 
Organisation’s (WHO) guidelines on wastewater reuse, or the European Community (EC) directive 
on bathing water (European Community, 1976) were met. Distinct seasonal patterns were seen for 
all the determinands; E. coli, enterococci, BOD and suspended solids removal appeared to be best 
during the winter, as was the removal of total oxidised nitrogen, nitrate and nitrite. Total coliform, 
COD and phosphate removal appeared to be best during the summer months.
The performance could be explained, to a certain extent, by the results of depth profiled sampling 
and tracer studies (Salter et a l, in press b). The tracer study indicated that there was significant 
hydraulic short-circuiting, with the maximum in the residence time distribution (RTD) curve
1
appearing after only 12 hours, compared to the nominal retention time of 24 hours. The profiling 
study carried out during the summer suggested that the short-circuiting was caused by the 
difference in temperature between the water in the lagoon and the water entering the lagoon. The 
colder influent sank to the bottom and passed quickly through the lagoon, causing very little 
disturbance to the warmer upper layers of water. This was confirmed by the differences in the 
dissolved oxygen (DO) concentrations found with depth; the concentration was higher at the 
bottom than at the top. This short-circuiting may explain the poor removal performance found 
during the summer months for BOD, COD and suspended solids, due to the scouring of the bottom 
of the lagoon.
In order to investigate whether increasing the retention time of the two lagoons, and allowing an 
algal population to develop would improve performance, particularly the removal of pathogens and 
indicator organisms, it was decided to modify the lagoons so that they operated in series rather than 
in parallel.
METHODOLOGY
To allow the lagoons to be operated in series, the outlets from the first lagoon were partially 
blocked and submersible pumps were installed in the three weired outlet chambers. The outlets 
were only partially blocked to allow the effluent to leave the lagoon if the pumps failed. The 
effluent was piped from each outlet to a length of sewer pipe which had four smaller pipes off it 
running into the inlet end of the second lagoon. This was done to prevent jetting of the influent, 
and mimic as closely as possible the normal flow of influent to the lagoon. The layout of the 
lagoon is shown in Figure 1.
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Figure 1. Layout of Holmwood lagoons in series
Samples were collected four days a week, two weeks a month. 24 hour composite samples were 
taken using a Sigma 900 autosampler from the inlet chamber, which receives the combined effluent 
from the two humus tanks, and the final discharge point of the site, where the effluent from the two 
lagoons is combined before entering the river. Every sample was analysed for E. coli, enterococci, 
total coliforms, biological oxygen demand (BOD) and suspended solids. Occasional samples were 
analysed for Cryptosporidium, Giardia and enteroviruses.
The analysis for E. coli, enterococci, and total coliforms was carried out within four hours of the 
samples being collected. “Colilert” was used to determine the number of E. coli and total coliforms 
present in a sample. This test is an enzyme detection method, and the formation of a yellow colour 
indicates the presence of coliforms, which will fluoresce if E. coli are present. “Enterolert” is used
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to determine the number of enterococci, and is based on a similar mechanism. Cryptosporidium 
and Giardia were analysed for by the standard method (SCA, 1989). This method is based on a 
fluorescent linked monoclonal test, using a monocolonal reagent marketed by Cell Lab (Bradsure 
Biologicals). Enteroviruses were analysed for by mixing a concentrate of the original sample with 
a cell suspension in agar medium containing neutral red vital stain and incubating in the dark in an 
atmosphere of 5 percent v/v C 02 in air. Viral plaques were then counted and could be sub-cultured 
for confirmation and identification. The method for determining the BOD was based on the 
method described in the Standard Methods (SCA, 1988). Suspended solids were also determined 
following the Standard Methods (SCA, 1980).
The ratio of outlet to inlet quantities was used as a measure of removal; lower ratios indicating 
greater removal. Values of the ratio greater than 2 were regarded as atypical outliers and were 
removed for statistical analysis. The Box-Cox procedure (Box and Cox, 1964) was used to find a 
transformation of the ratio Out/In to be used as a response variable in regression analysis. This 
procedure uses a likelihood method to find a power transformation which normalises the regression 
residuals. Equation 1 shows the general form of the response variable, y, used in the modelling (a 
value of X = 0 corresponds to a log transformation.
The explanatory variables investigated for analysis of variance were: period (April 1996 to 
February 1998, when the lagoons were in parallel, compared to July 1998 to July 1999 when the 
lagoons were operating in series), quarter (January to March, April to June, July to September and 
October to December), daily rainfall, sunshine hours and maximum and minimum temperatures. 
The four quarters were taken as a convenient way of dividing the year into seasons, with the first 
quarter being winter, the second being spring, the third summer and the fourth autumn. Analysis of 
variance, or ANOVA, explores the influence of one or more variables on a continuous response.
Loess plots were used to investigate the presence of seasonal trends in the data (Cleveland et aL, 
1993). This is a non-parametric smoothing technique which gets a predicted value at each point by 
fitting a weighted least squares regression. The weights decrease with distance from the point of 
interest, and thus produce a smooth curve, removing ‘noise’ caused by outliers in the data set. This 
method is more robust than the Cusum chart method used by Salter et al. (in press a) in dealing 
with outliers, making the resulting graphs easier to interpret. The seasonal data was also analysed 
using boxplots. These show outliers, the median and upper and lower quartiles, which are the 
upper and lower ends of the box.
RESULTS AND DISCUSSION
Only four Cryptosporidium oocysts were found in the whole sampling period. No significant 
difference was seen in the removal of either enteroviruses or Giardia between the two periods. 
However, these two parameters had the highest (up to 100 percent) and most consistent removal 
performance, which was encouraging as these are the only two real pathogens being sampled for.
For total coliforms, there did not appear to be any significant improvement in removal performance 
when the lagoons were modified to operate in series. Analysis of variance showed that there were 
only two significant interactions, season and period to season. There were distinct seasonal 
differences within each period (F = 10.92 on 3 & 142 d.f., P < 0.0001). Significant differences
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were also seen in the seasonal variation between the two periods (F = 2.96 on 3 & 142 d.f., P = 
0.03). This means that within each period there was a distinct seasonal variation in performance, 
and there was a distinct variation in seasonal performance between periods. The seasonal 
variability is shown clearly in the loess plot in Figure 2 for the entire sampling data set, and the 
difference between the seasonal variation for the two periods is shown in the boxplot in Figure 3.
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Figure 2. Loess plot of the transformed outlet/inlet ratio for July 1996 to July 1999 for total
coliforms
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Figure 3. Boxplots of the sampling periods by quarter for total coliforms
The boxplots and loess plot suggest that there was less seasonal variation in the second period, 
when the lagoons were operating in series, than in the first period. For both periods, the removal 
was best, i.e. the outlet/inlet ratio was smallest, during the second quarter, April to June. It is also 
clear from the boxplot that the overall mean for each period was very similar, showing that there 
was not a significant difference in performance.
4
The patterns in seasonal behaviour seen for enterococci and E. coli were very similar, so only the 
loess plot for E. coli is presented here. Figure 4 shows the loess plot for the entire data set for E. 
coli, and Figure 5 shows the boxplots for the two periods for the two microorganisms. Only 
seasonal variation was found to be significant (for enterococci, F = 4.98 on 3 & 145 d.f., P < 0.003, 
for E. coli, F = 8.11 on 3 & 146 d.f., P < 0.0001). This means that there was a significant 
difference in performance between seasons, but no significant difference between seasonal 
performance for the two periods. There was not an improvement in performance when the lagoons 
were operated in series.
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Figure 4. Loess plot of the transformed outlet/inlet ratio for July 1996 to July 1999 for E. coli
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Figure 5. Boxplots of the sampling periods by quarter for E. coli and enterococci
The boxplots show that the removal was highest in the second quarter, the spring, for E. coli for 
both periods, and in the third quarter, the summer for enterococci in the first period, with very little
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seasonal variation for either period. It is clear from both pairs of boxplots that there was little 
difference between the median values for the two periods.
Figure 6 shows the loess plot for suspended solids, and Figure 7 the boxplot.
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Figure 6. Loess plot of the transformed outlet/inlet ratio for July 1996 to July 1999 for suspended
solids
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Figure 7. Boxplots of the sampling periods by quarter for suspended solids
Significant effects shown by regression analysis were seasons, maximum temperature and period to 
season. The seasonal differences were very clear, shown in the loess plot (F = 2.62 on 3 & 123 d.f., 
P = 0.05). The effect of maximum temperature (F = 3.86 on 1 & 123 d.f, P = 0.05) will have been 
related to this seasonal variation. The period to season interaction (F = 3.05 on 3 & 123 d .f, P = 
0.03) is clearly shown in the boxplots. It was found that there was an inverse relationship between 
removal performance and temperature, i.e. the higher the temperature, the lower the removal. This
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relationship was also observed by Salter et al. (in press a). It was explained in Salter et al. 
(in press b) from the profiling exercise, as it was found that, during the summer, there was short- 
circuiting along the bottom of the lagoon of the cooler influent because of the presence of thermal 
stratification, causing scouring of settled solids. It was suggested that the opposite would occur 
during the winter, that is, the warmer influent would flow in the upper levels of water, allowing 
better settlement. Figure 6, the loess plot, clearly shows the seasonal variation for the whole data 
set, and the boxplots indicate the different seasonal performance for the two periods. In the first 
period, the highest removal was seen in the third quarter, the summer, whereas the highest removal 
occurred in the autumn and winter in the second period. The good removal in the summer in the 
first period is somewhat confusing because of the previously discussed inverse relationship between 
maximum temperature and performance. In Figure 8, the loess plot for BOD can be seen, and the 
boxplots are shown in Figure 9.
BOD - Outlet/Inlet Ratio
200 400 600 800 1000 1200
Days since 01/01/96
Figure 8. Loess plot of the transformed outlet/inlet ratio for July 1996 to July 1999 for BOD
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Figure 9. Boxplots of the sampling periods by quarter for BOD
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The apparent seasonal variation in these plots is in fact not statistically significant. No other 
variables were found to be significantly associated with BOD.
It is clear from the results that the modification of the lagoons to operate in series did not produce 
the improvement in performance hoped for. Distinct seasonal differences were seen for all 
parameters except BOD. The only parameters where there was a significant difference between the 
two periods were total coliforms and suspended solids, but even here the difference was purely in 
the seasonal behaviour rather than an improvement in performance. It was surprising that there was 
no improvement, as operating the lagoons in series should have doubled the retention time. The 
theoretical retention time is 24 hours, although Salter et al. (in press b) and Haynes (1999) showed 
that there was significant short-circuiting. Depth profiling of the lagoons in series by Haynes 
(1999) also demonstrated that there was a similar pattern of thermal stratification and pH, dissolved 
oxygen and bacterial numbers increasing with depth. This suggests that there was the same 
problem of short-circuiting along the bottom of the lagoon of the cooler influent during the summer 
when the work was undertaken. Practical problems were experienced with the modification to in 
series operation which may have affected the results. The pumps failed on several occasions, and 
were unable to keep up with the peak flow so that flow did discharge directly to the river rather 
than passing through the second lagoon. The problems with peak flow were only experienced for 
approximately two hours, but this may be sufficient to skew the results. Some of the pipe started to 
leak badly towards the end of the second period, again preventing full treatment in the second 
lagoon.
These results highlight the problems of using tertiary lagoons in temperate climates, and also the 
importance of ensuring that there is a sufficiently long retention time. The Holmwood lagoons 
were not designed for pathogen removal but for solids capture (IWEM, 1989), as are most tertiary 
lagoons in the UK. The high quality of the influent to the lagoons from the trickling filters means 
that there are no problems in meeting the effluent requirements of the site, although the results do 
show that any up-stream treatment problems could be exacerbated by the lagoons during the 
summer months because of the scouring of solids. It is, however, interesting to note that much of 
the published research work on lagoons has been earned out on small-scale lagoons which were 
approximately the same size as those at Holmwood. The practical problems of carrying out 
research work on full-scale treatments plants are not to be underestimated. The lack of control over 
the process, particularly the flow rate, also makes interpretation difficult. The results presented 
here for the lagoons operating in series only represent one year’s worth of data, and this, combined 
with the practical problems experienced, mean that no firm conclusions can be drawn from the 
comparison with the results for operation in parallel. However, it seems likely that the tertiary 
lagoons at Holmwood will never meet the demands of either the EC bathing water directive or the 
WHO guidelines for wastewater reuse.
CONCLUSIONS
• No significant improvement was seen in performance for the period in parallel and the period in 
series for any parameters. Only removal of enteroviruses and Giardia was consistently high 
over the whole sampling period.
• Distinct seasonal variability in performance was seen for all parameters except BOD, with the 
highest removal generally in the spring and summer months. However, there was only a 
significant difference in seasonal variability between the two periods for total coliforms and 
suspended solids, and this did not indicate any improvement in performance.
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• The lack of difference in performance for the two periods may have been a result of the practical 
problems experienced on the site, and the fact that the second period only accounts for one 
year’s worth of monitoring data. The difference in seasonal performance for total coliforms and 
suspended solids may also have been an artefact of the small data set.
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CONCLUSIONS FROM PAPERS 3 TO 7
• The routine monitoring of the lagoons at Chesham and Holmwood STW has shown 
that poor mean removals were found for all parameters. This is not a problem at 
the sites as the influent to the lagoons generally contains concentrations of BOD, 
suspended solid and ammoniacal nitrogen which are close to, or better than, the 
consent values. The effluent quality of the lagoons appears to be partly determined 
by the performance of the upstream processes.
• The bacterial criteria for the WHO guidelines on wastewater reuse and the EC 
directive on bathing water were rarely reached, although the enterovirus 
requirements were almost reached on a number of occasions at both Holmwood 
and Chesham lagoons.
• Ammonia and phosphorus removal does not take place in the lagoon system as 
predicted from the literature. Limited nitrification does appear to occur at 
Holmwood, either in the sediment or on the vertical brushes.
• The hydraulic retention times of the lagoons was found to be significantly shorter 
than the nominal retention times, which were already far shorter than the 
recommended retention times for tertiaiy lagoons to achieve removal of bacterial 
indicator organisms. The dispersion numbers found for the lagoons demonstrated 
that the hydraulic regime was dispersed plug flow.
• The RTD curves for all tracer tests indicate that there was short-circuiting of up to 
80 percent of the lagoon volume. The presence of up to 50 cm of sludge in the 
Chesham lagoon, out of a total depth of 1.6 m, also have contributed to the short- 
circuiting, as less of the pond volume was available.
• Vertical variation in DO, pH and temperature was seen, demonstrating the 
importance of developing three-dimensional models for lagoons. The profiling 
study at Holmwood suggested that the short-circuiting was caused by the 
difference in temperature between the water in the lagoon and the water entering 
the lagoon. The colder influent sinks to the base and passes quickly through the 
lagoon, causing very little disturbance to the warmer upper layers of water. This is 
confirmed by the differences in the dissolved oxygen concentrations found with 
depth. This short-circuiting may explain the poor removal performance during the 
summer months for BOD, COD and suspended solids.
• No significant improvement was seen in performance for the period in parallel and 
the period in series for any parameters. Only removal of enteroviruses and Giardia 
was consistently high over the whole sampling period.
• Distinct seasonal variability in performance was seen for all parameters except 
BOD, with the highest removal generally in the spring and summer months. 
However, there was only a significant difference in seasonal variability between 
the two periods for total coliforms and suspended solids, and this did not indicate 
any improvement in performance.
• The lack of difference in performance for the two periods may have been a result of 
the practical problems experienced on the site, and the fact that the second period 
only accounts for one year’s worth of monitoring data. The difference in seasonal 
performance for total coliforms and suspended solids may also have been an 
artefact of the small data set.
Section 4 - Computational Fluid Dynamic Modelling
THREE-DIMENSIONAL COMPUTATIONAL FLUID DYNAMIC 
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ABSTRACT
A series of facultative lagoons operated by Thames Water treating industrial 
wastewater in Thailand were found to be performing poorly, particularly with 
respect to the removal of biological oxygen demand (BOD). A review of the 
design parameters for the site found that all the lagoons are of a sufficient area for 
the flow and BOD load. However, observations of the lagoons suggested that there 
may be significant hydraulic short-circuiting. Computational fluid dynamics (CFD) 
modelling was therefore carried out on one of the lagoons to establish the hydraulic 
regime. Two consecutive simulations were carried out, both with and without 
baffles; the first to establish steady flow conditions, and the second using a 
chemical species transport model to obtain the residence time distribution (RTD). 
The results of the modelling indicate that the lagoons do currently suffer from 
significant short-circuiting, and large dead-zones are present. The installation of 
baffles in the CFD model improved the plug-flow characteristics of the lagoons, 
substantially reducing the short-circuiting and the size of the dead-zones. It has 
therefore been concluded that the installation of baffles in the lagoons will lead to 
an improvement in their performance, by increasing the retention time of the 
system.
Keywords - Computational fluid dynamics; facultative lagoons; hydraulic regime; performance
INTRODUCTION
The treatment of wastewater in lagoons exploits the physical and biochemical interactions that 
occur naturally in aquatic systems to remove pathogens, biochemical oxygen demand (BOD), 
ammonia, nitrates, suspended solids and phosphates. There are three types of non-aerated lagoon 
currently in use around the world; anaerobic lagoons, facultative lagoons and tertiary lagoons, 
which are also described as aerobic or maturation ponds. This paper is concerned only with 
investigations on the hydraulic regime in facultative lagoons. Facultative lagoons are usually 
approximately 1.5 m deep, and they may receive the effluent from anaerobic or aerated lagoons or 
from conventional treatment processes. The primary function of facultative lagoons is the removal 
of biological oxygen demand (BOD), and the size and number of these lagoons will normally be 
determined by the required effluent quality (Mara et ah, 1992).
It has been recognised by a number of authors (Frederik and Lloyd, 1996; Pearson et a l, 1996; 
Woods et a l, 1995; Agunwamba, 1992) that insufficient attention has been paid to the optimisation
of the hydraulic regime in lagoons, despite the vast amounts of research that has been carried out on 
their design criteria. Woods et a l (1995) stress the findings of a number of authors which show 
that, particularly for facultative lagoons, designs based on the historical loading data have been 
found to be as dependable as those using mathematically derived expressions. They also point out 
that, as discharge consents become increasingly stringent, and more rigorously applied, the need for 
confidence in predictions of the effects of modifications to pond design has become crucial. 
Computational fluid dynamics (CFD) modelling has been proposed as one possible method of 
providing this confidence. CFD is a numerical technique that obtains the fluid flow from the 
geometry of a system for given operating conditions.
Thames Water operate, as a joint venture with the Thai company Berli Jucker, a number of 
wastewater treatment plants serving industrial sites in Thailand on behalf of the Industrial Effluent 
Authority of Thailand, a governmental organisation. One of these sites had been experiencing 
problems with high BOD in the effluent. The treatment process consists of an aerated lagoon, 
followed by five facultative lagoons. The lagoons are too large for conventional investigations of 
their retention time using tracer studies, and it was therefore decided to model the hydraulic regime 
in the facultative lagoons using computational fluid dynamics (CFD), and to investigate the 
possible effect of the installation of baffles across the lagoons.
METHODOLOGY
Profiling
A temperature profile of the lagoon was carried out. This involved measurements of temperature 
being taken at the surface, 30 cm and 1 m depths at a 11 points on the lagoon, as shown in Figure 1. 
No measurements were recorded below 1 m as there was no change in temperature.
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Figure 1. Layout and dimensions of lagoon, and location of temperature profile measurements 
CFD modelling
Geometry. Figure 1 shows the layout of the lagoon. Three dimensional modelling was employed 
to allow inclusion of the effect of the inlet, outlet and the thermal effect. The computational mesh 
used was a 18 x 48 x 8 structured grid. A finer mesh was also used to investigate grid dependency,
but the finer mesh was not found to be beneficial. Two baffles were added across the lagoon at 140 
m and 70 m down the lagoon from the outlet.
Boundary conditions. Two models were studied; steady flow without thermal effect and the time 
dependent thermal condition. The flow turbulence was modelled using the standard k-e model (see, 
for example, Versteeg and Malalasekera, 1995). In the steady flow model with no temperature 
dependence, the lagoon was not expected to stratify as the lagoon is flat and shallow, and the 
temperature was therefore assumed to be constant throughout. The inlet was defined as a velocity 
inlet, and the outlet as a mass flux boundary. A fixed wall boundary was used at the water surface. 
The wall was assumed to be frictionless to simulate the free surface condition. Wind effects were 
not included in this model.
In the time dependent flow model, the flow condition was assumed to be the same, but with 
temperature variations depending on the time of the day; 31°C for eight hours during the day, and 
28°C for the remaining 16 hours. The calculation was performed for ten days, and the lagoon was 
assumed to be stratified at the beginning of the first day. The first metre of water from the surface 
was at 31°C and the bottom layer at 28 C. The inlet was again defined as a velocity inlet, with the 
water temperature at 31°C for 8 hours during the day, and at 28°C for the rest of the 24 hour period. 
The fixed and frictionless wall boundary at the water surface also varied in temperature; the 
temperature was at 31°C for 8 hours during the day and at 28°C for the rest of the day. The 
conditions at the outlet were the same as those used in the steady flow model. The temperatures 
were used to simulate the actual measurements taken from the real system.
Residence time distribution. To simulate the residence time distribution (RTD) curve, a pulse of 
species is introduced at the inlet for short period of time (in this instance 10 minutes). The mass 
fraction of species is then recorded at the outlet as function of time. This is equivalent to carrying 
out a conventional tracer study in a real system.
RESULTS AND DISCUSSION 
Profiling
The profiling showed that the first metre of water had a temperature difference of 4°C; from 
approximately 31°C at the surface down to 28°C at 1m, as shown in Table 1, and then remained 
constant at 28°C for the remaining 1.5 m depth.
Table 1. Water temperature at eleven positions on lagoon 2
Sample point 1 2 3 4 5 6 7 8 9 10 11
Depth/m Surface 31.5 31.4 31.5 30.9 30.7 30.9 30.9 30.9 30.9 30.9 30.9
0.3 29.3 29.3 29.4 29.4 29.4 29.4 29.4 29.3 29.4 29.3 29.2
1 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0 28.0
These results show that there was thermal stratification over the entire area of the lagoon at the time 
of the measurements.
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Figure 2. RTD curve and cumulative percentage recovery curve for steady flow conditions
The form of the RTD curve can be used to study the nature of the flow in the lagoon. For the steady 
flow conditions, the RTD curve is shown in Figure 2, together with cumulative curve showing the 
percentage of recovery of the species at the outlet. The normalised residence time is defined as the 
ratio of the travelling time and the nominal retention time. The nominal retention time is equal to 
the t50, which is the time taken for 50 percent of the tracer species to exit the lagoon. Short 
circuiting is indicated by the shift of the peak value in the RTD curve to the left of the t50 time. 
This short-circuiting can be identified from the velocity vector plot of the flow in the lagoon 
(Figure 3). It can be seen that the majority of the flow from the inlet followed the wall on the 
opposite side, directly towards the outlet. When the flow reached the outlet, a small proportion 
flowed through the outlet, corresponding to the peak in the RTD curve, but the remainder continued 
following the bank around, and generated the flow circulation in the central region of the lagoon. 
This flow circulation pattern can be seen in the exponential decay part of the RTD curve. The 
design retention time of the lagoon is 10 days, but the peak retention time is only six days. This 
may explain the problems the site has been experiencing with poor removal performance, as the full 
nominal retention time of six days is not sufficient to allow optimal performance. The other 
lagoons in the series, which were also modelled, were also found to have short actual retention 
times compared to their nominal retention times.
VFigure 3. Velocity vectors in the lagoon under the steady flow conditions
The objective of the hydraulic design of the lagoon is to achieve the longest retention time, 
assuming first order removal kinetics for BOD. The long retention time allows for the maximum 
utilisation of the substrate, i.e. BOD, by micro-organisms. It is assumed that BOD removal follows 
Chick’s Law (Equation 1):
dN
—  = -kN  (1)
Where t = time in days
N = concentration of BOD (m gl1)
k = temperature dependant constant (day1)
From this, it can be seen that BOD decays exponentially, as shown in Equation 2.
N = Noe* (2)
The longest retention time is achieved by having plug flow. Baffles were therefore introduced in 
the central region of the lagoon to try to achieve this condition, and the resulting RTD curve is 
shown in Figure 4. The successful use of plastic sheet piling as baffles in lagoons in the Cayman 
Islands is described by Fredericks (1995). The sheets were HOPE, and were weighted at the 
bottom, and held taut across the lagoon using steel wires. The advantages of using plastic sheet-
piling are that it is quickly and easily installed in existing lagoons without the need for draining
down.
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Figure 4. RTD curve and cumulative percentage recovery curve for steady flow conditions, with
baffles
In comparison to the RTD of the existing lagoon, the peak concentration has shifted to the right and 
is at the nominal hydraulic retention time. Short circuiting has effectively been reduced, giving an 
increase in retention time. The shape of the RTD is of interest as it is what would be obtained for 
laminar flow in a rectangular channel (Versteeg and Malasekera, 1995). The uniform flow is 
shown in the vector plot in Figure 5. Although there were still dead zones, these are small, and the 
majority of flow has been forced to use a greater portion of the lagoon volume before exiting.
The current model did not include wind effects. It is however expected that the short-circuiting, if 
the prevailing wind is towards the inlet, will be increased. The presence of baffles will therefore 
have a secondary benefit by preventing passage of the flow directly to the outlet.
Figure 5. Velocity vectors in the lagoon under the steady flow conditions, with baffles
The CFD model employed in the present work is a single phase model. Validation of this model 
has been provided by Ta (in press) for a number of water and wastewater treatment processes, 
particularly storage reservoirs. The horizontal flow circulation was demonstrated by tracking a 
float object released at various locations in a reservoir. With the use of the electronic distance
measurement (EDM) technique, the location of a number of floats could be obtained quickly and
simultaneously, thus reducing the monitoring time. This gives similar results to a conventional 
tracer study, which would not be practical on a system of this size.
Quantitative comparison between the removal efficiency of BOD based on 1st order decay 
(Equation 1) is as follows:
Equation 1 can be re-arranged to become
-g- =  e x p ( -k tr . j - )  =  x ,n ( 3 )
Where tr = nominal retention time
tn = normalised retention time (:ratio t and tr)
x = exp(-ktr).
x is the design effluent BOD concentration. If x is equal to one, then there is 100 
percent removal
The effluent BOD concentration is calculated as:
f (4)
Where fjis volume fraction of water with retention time (age) t^. The volume fraction 
of water at various retention times can be obtained from the RTD curve by integrating 
over the time intervals.
Figures 6 and 7 show the age of water at the lagoon outlet for the existing lagoon and that with 
installed baffles respectively. The cumulative effluent BOD concentration shown in the figures was 
obtained by summing the concentration over the time interval for 3 different design values of x 
respectively 0.01, 0.1 and 0.3, which correspond to percentage removals of 99 percent, 90 percent 
and 70 percent. Note that these concentrations are measured as the ratio of the outlet:inlet 
concentration, S/S0.
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Figure 6. Age of effluent water for existing geometry
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Figure 7. Age of effluent water when baffles are added
With the existing lagoon, short circuiting causes deviation of the effluent water quality from the 
design efficiency. From Figure 6, it can be seen that the effluent BOD concentration is at 0.05, 
0.18 and 0.37 respectively, corresponding to the increase by a factor of 5, 1.8 and 1.2. With the 
baffles, the flow approaches plug flow conditions, and the effluent BOD concentration is at 0.01, 
0.1 and 0.3, which correspond to the design values of x given above.
The removal efficiency was therefore found to be best with plug flow conditions, with a high 
percentage removal and the longest retention time. For smaller lagoons the benefits of having plug 
flow conditions are less significant.
Time dependent flow model
Under the boundary conditions for the time dependent flow model, flow at the inlet (not shown) 
was seen to rise quickly to the water surface as it moved toward the outlet. The flow velocity was 
relatively faster because the cross-sectional area of the flow was restricted to the top layer, and as a 
result, the hydraulic retention time was shortened. The stratified condition was maintained 
temporarily until the flow reached the outlet, where return flow could be observed at the bottom 
layer where it mixed with the cold water. The viscosity of the water at the lower temperature was 
not sufficient to reduce the back flow, and therefore, under steady flow conditions, stratification 
condition could not be achieved.
Actual measurements, discussed above, showed stratification does occur during the day. A 
decrease in the dissolved oxygen concentration to zero was measured at night (results not shown 
here) which, combined with odour problems, and sludge being seen to have risen to the surface, 
suggests that the lagoon does in fact become mixed at night, which is consistent with the model. 
This stratification/de-stratification pattern was also proposed by Marais and Shaw (1961) from their 
observations of lagoon systems in South Africa, although they believed that the mixing would be. 
achieved by the action of the wind rather than the hydraulics within the lagoon itself. These results 
will be discussed in more detail in a later paper.
CONCLUSIONS
• The lagoon series was found to be performing poorly with respect to BOD removal, and this is 
thought to be due to significant hydraulic short-circuiting.
• Temperature measurements taken showed that there was stratification across the whole area of 
the lagoon.
• The steady flow model without baffles showed the flow entering the lagoon following the wall 
opposite the inlet, directly to the outlet, with most of the flow re-circulating slowly in the central 
area of the lagoon. The actual retention time was found to be significantly shorter than the 
theoretical retention time. This is thought to be the cause of the poor performance of the 
lagoons. No stratification was possible under steady flow conditions due to the back-flow from 
the outlet end of the lagoon mixing with the rest of the flow.
• The steady flow model with baffles placed in the central region of the lagoon showed that the 
short-circuiting could be significantly reduced, and the retention time increased, by a very 
simple modification.
• Removal efficiency is best with plug flow conditions, as the longest retention time gives high 
percentage removals. The benefits of plug flow conditions for smaller lagoons are less 
significant.
• The steady flow model has been validated using the EDM method in reservoirs, as well as 
measurements o f the dissolved oxygen concentrations at night in the lagoon system, and 
problems with odour and re-suspended sludge.
• The thermal effect on the lagoon during the daytime was found to increase the short-circuiting, 
as the warm inlet flow rose to the surface, and reached the outlet faster due to the reduced cross- 
sectional area in the top layer.
• The prevailing wind is thought to increase short-circuiting if  it is blowing from the inlet towards 
the outlet. However, the installation of baffles would help to minimise this problem.
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ABSTRACT
A poorly performing lagoon system was investigated to determine the cause of the 
problems. Computational fluid dynamics (CFD) modelling was initially carried out to 
establish the hydraulic regime in the lagoon. The results indicated significant hydraulic 
short-circuiting was occurring. Observations taken in the system had also indicated that 
there was thermal stratification, so the model was extended to include this. The influent 
water was modelled to be 31 °C for 8 hours, with the heating effect of the sun included, 
followed by 16 hours of influent at 28 °C. These conditions simulated the conditions seen 
in the real lagoon. The simulation was carried out both with and without baffles over a ten 
day period using a chemical species transport model. The results indicate that the problem 
of short-circuiting was exacerbated by the thermal stratification. The installation of baffles 
in the CFD model appeared to improved the plug-flow characteristics of the lagoon, 
reducing the short-circuiting of the tracer to the outlet. The importance of understanding 
vertical as well as horizontal variations in a lagoon is highlighted.
Keywords: Computational fluid dynamics; facultative lagoon; hydraulic regime; thermal stratification
INTRODUCTION
The primary function of facultative lagoons is the removal of biological oxygen demand (BOD), 
and the size and number of these lagoons will normally be determined by the required effluent 
quality (Mara et ah, 1992). However, it is clear from the literature (Maynard et a l, 1999) that 
many lagoons are not performing to their design specifications. It has been recognised by a number 
of authors (Frederik and Lloyd, 1996; Pearson et a l, 1996; Woods et a l, 1995; Agunwamba, 1992) 
that insufficient attention has been paid to the optimisation of the hydraulic regime in lagoons, 
despite the vast amounts of research that has been carried out on their design criteria. Mangelson 
and Watters (1972) comment on the importance of understanding the relationship between the 
geometry of the lagoon itself and its hydraulic regime. Unlike most conventional treatment 
methods, once in operation, the processes occurring in lagoons are virtually uncontrollable, and it is 
therefore essential to ensure that care is taken at the design phase. Woods et a l (1995) stress the 
findings of a number of authors which show that, particularly for facultative lagoons, designs based 
on the historical loading data have been found to be as dependable as those using mathematically 
derived expressions. They also point out that, as discharge consents become increasingly stringent, 
and more rigorously applied, the need for confidence in predictions of the effects of modifications 
to pond design has become crucial. Computational fluid dynamic (CFD) modelling has been
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proposed as one possible method of providing this confidence. CFD is a numerical technique that 
predicts the fluid flow from the geometry of a system for given operating conditions.
Salter et a l (1999) described the computational fluid dynamic (CFD) modelling of the hydraulic 
regime in a facultative lagoon treating industrial wastewater only. The lagoon described was one of 
a series of five facultative lagoons on an industrial estate in northern Thailand which had poor 
removal of biological oxygen demand (BOD). The modelling was carried out to investigate 
whether the hydraulic regime might be a cause of the problem, and if  there were any modifications 
which could be made to the geometry of the lagoon to improve performance. The steady flow 
model without baffles found that there was significant hydraulic short-circuiting, and, as a result, 
the actual retention time was significantly shorter than the theoretical retention time. This was 
thought to be the cause of the poor BOD removal performance of the lagoons. The steady flow 
modelling was repeated with baffles placed in the central region of the lagoon, and this showed that 
the short-circuiting could be significantly reduced, and the retention time increased, by a very 
simple modification. Removal efficiency was found to be best under plug flow conditions, as the 
longer retention time gave allowed the design performance to be achieved.
The steady flow model has been validated using the electronic distance measurement (EDM) 
method in reservoirs (Ta, 1999), as well as measurements of the dissolved oxygen concentrations at 
night in the lagoon system, and problems with odour and re-suspended sludge. With EDM, Ta 
(1999) demonstrated the horizontal flow circulation by tracking a float object released at various 
locations in a reservoir. This provided similar results to a conventional tracer study, which would 
not be practical on a system of this size. Measurements within the lagoon also showed that it 
stratified during the day, and it was therefore necessary to carry out non-steady state modelling so 
the effect of the temperature difference down through the lagoon on the hydraulic regime could be 
investigated.
The model described in this paper was developed from the steady-state simulation described by 
Salter et a l (1999), by the inclusion of the thermal effects. This was necessary as a profiling 
exercise had found distinct thermal stratification was present in the lagoon. Preliminary findings 
were reported in Salter et al. (1999), but this paper, and Part II, discuss the results in greater detail. 
This paper will concentrate on the hydraulic regime in the lagoon modelled for a ten day period.
METHODOLOGY
Geometry. Figure 1 shows the layout o f the lagoon. Three dimensional modelling was employed 
to allow inclusion of the effect o f the inlet, outlet and the thermal effect. The computational mesh 
used was a 18 x 48 x 8 structured grid. A finer mesh was also used to investigate grid dependency, 
but this was not found to be beneficial. The use of the coarser mesh allowed a more rapid 
numerical convergence for the model. The modelling was also carried out with two baffles added 
across the lagoon at 140 m and 70 m down the lagoon from the outlet. ‘V and ‘3’ are two of the 
locations where measurements were taken of the temperature down through the lagoon (Salter et 
a l, 1999).
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Figure 1. Layout and dimensions of lagoon
Boundary conditions. Time-dependent thermal conditions in the lagoon were modelled using a 
time-step of 120 s, with data being saved every 30 time-steps i.e. once per hour. The flow 
turbulence was modelled using the standard k-epsilon model (see, for example, Versteeg and 
Malalasekera, 1995). Thermal calculations were carried out and a buoyancy term was included. 
The temperature was varied depending on the time of the day; 31°C for eight hours during the day, 
and 28°C for the remaining 16 hours. These temperature mirror those measured on site. The 
calculation was performed for a ten day period, and the lagoon was assumed to be stratified at the 
beginning of the first day. The surface of the water was at 31°C, reaching 28°C at 1 m depth, and 
remaining at this temperature for the rest of the depth. The inlet was defined as a velocity inlet, 
with the water temperature at 31°C for 8 hours during the day, and at 28°C for the next 16 hours, 
and a flow velocity of 0.018 ms"1. The outlet was defined as a mass flux boundary. The fixed and 
frictionless wall boundary at the water surface, used to simulate the free surface condition also 
varied in temperature; the temperature was at 31°C for 8 hours during the day and at 28°C for the 
rest of the day. The temperatures were used to simulate the actual measurements taken from the 
real system. The temperature boundary conditions were chosen to represent the climatic conditions 
experienced in Thailand. Wind effects were not included in this model.
Simulated Tracer Study. To simulate a tracer study, a constant concentration of tracer was injected 
into the pond at the inlet as a step addition. A pulse of tracer was not used as the time-dependent 
and thermal effects would make it impossible to establish the effects on the tracer of the hydraulic 
regime. From the results saved after every thirty time steps it was possible to produce plots of the 
tracer concentration in the lagoon for the duration of the study. The data was also used to produce 
pseudo residence time distribution (RTD) curves, which are discussed in Part II of this paper.
RESULTS
Typical temperature profiles for the existing lagoon are as shown in Figure 2 for two sampling 
locations for the case without baffles, position 1 and position 3, at different times through the 
simulation. Each line on the graph refers to a different time. It can be seen that, as the water 
temperature at the surface varied between 28°C and 31°C, the temperature within the top water 
layer varied between 30° C and 28.5°C and decreased linearly with depth. The temperature 
distribution could not be described by a single steady state profile. Generally, however, the 
temperature in the lagoon has the tendency to become uniformly distributed. In the steady state 
simulation described by Salter et al. (1999) it was observed that the temperature was uniform 
throughout the lagoon as the mixing effect of the inlet was too great to allow the stratification to be 
maintained. The temperature is somewhat lower at sampling position 3 than that at position 1 as it 
is 20m further away from the inlet, and thus the thermal distribution is enhanced by the temperature
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of the influent. Although not presented here, the graphs for the case with baffles will be essentially 
the same.
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Figure 2. Temperature profiles at different times at two sampling locations, positions 1 and 3 
Figures 3a and 3b show the temperature profile at 8 different depths during the simulation.
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Figure 3 a. Temperature profile at position 1
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Figure 3b. Temperature profile at position 3
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During the day, as the temperature at the surface rose to 31°C, the temperature at the top water layer 
also rose within 2 hours to 30°C at position 1 and 29.5°C at position 3 due to the heat transfer 
through the water surface. The temperature at position 1 was higher as it was nearer to the inlet 
where the influent, which was at a higher temperature, had not been mixed with the lower, cooler 
depth water. Thus the stratification was more dominant near to the inlet end. The temperature of 
the water at lower depths rose slowly as it mixed with the feed water and was eventually displaced. 
The influent water fed the lagoon at the lower layer as the temperature dropped, resulting in the 
slow mixing with the top layer, whose temperature also decreased slowly to equilibrate with the 
influent. The stratification observed for this rather specific boundary condition fits qualitatively 
with preliminary measurements.
The diagrams of mass fraction of species highlight the effects of the thermal stratification on the 
hydraulic regime. In the absence of baffles, the effects of the short-circuiting caused by the thermal 
stratification were particularly clear, and the pattern of stratification during the day followed by 
mixing at night was also obvious. For both the cases, with and without baffles, as the simulation 
proceeded the overall mass-ffaction of tracer in the lagoon obviously increased. Thus, the 
concentration in the dark area of the lagoon, indicating the lowest mass fraction, also increased. 
Figures 4 to 8 all show the mass-ffaction of species in the lagoon at the same depth as the outlet,
i.e. at 0.5 m from the surface.
Figure 4 shows the mass-ffaction of the species in the lagoon after 50 400 s (14 hours).
Figure 4. Species mass-ffaction after 50 400 s
The pale band across the middle of the lagoon to the outlet shows the short-circuiting of the tracer 
species in the hot surface layer of water. After 14 hours, there has been water at 31 C entering the 
lagoon for 8 hours, followed by colder water at 28 C entering the lagoon for 6 hours. However, 
this does not appear to have been sufficient to cause the break-down of the stratification. The peak 
retention time for the lagoon without baffles under steady-state conditions was 6 days, which 
demonstrates the strength of the effect of thermal stratification. The warm, influent water has been 
restricted to the top warm layer of the lagoon, and thus there is significant short-circuiting since 
only a small part of the volume of the lagoon is being used.
The re-circulation pattern seen in the steady-state model did not develop initially in this simulation, 
as demonstrated by Figure 5. After 24 hours (86 400 s), one complete cycle of warm water 
followed by cold had been completed. 16 hours of cold water had caused the stratification to begin 
to break down. The pale area in the top left hand comer of the lagoon, indicating a higher mass- 
ffaction of the tracer species, separated from the stream of tracer at the inlet as the mixing started
5
through the depth of the lagoon. 26 hours after the start of the simulation, the lagoon was 
completely mixed.
Figure 5. Species mass-ffaction after 86 400 s
Short-circuiting to the outlet, as shown in Figure 4, caused by the restriction of the influent to the 
top layer of the lagoon, then occurred again. However, a pattern of re-circulation was set up after a 
short time, similar to that seen in the steady-state model, which is shown in Figure 6. The pale 
band can be seen to be curving round the wall from the outlet, and starting to circulate in the main 
body of the lagoon.
Figure 6. Species mass-fraction after 172 800 s
However, this re-circulation was less stable that that seen in the steady-state model, and disappeared 
as the thermal stratification broke down, and the lagoon became completely mixed again. The 
pattern of short-circuiting to the outlet, re-circulation and complete mixing was then repeated for 
the remainder of the simulation.
With the addition of baffles to the lagoon, a different pattern was seen. After 14 hours, the tracer 
had not yet reached the outlet, which contrasts with the short-circuiting which occurred in the 
absence of the baffles. The tracer did not reach the outlet until 22 hours (79 200 s) after the start of 
the simulation, as shown in Figure 7. This is an improvement on only 16 hours in the case without 
baffles, but is still significantly less than the design retention time of 10 days. The pale band of the 
higher mass-fraction of species has just reached the outlet.
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Figure 7. Species mass-fraction after 79 200 s
The flow of the tracer species appears to have been quite plug flow through the baffles. However, 
after 28 hours (100 800 s), the lagoon started to mix again, as can be seen in Figure 8, indicated by 
the reassertion of the dark colour from the outlet back towards the inlet. The mixing did not occur 
in the sections of the lagoon closest to the outlet because the stratification was more stable here, as 
it was closer to the inlet, as discussed above.
Figure 8. Species mass-fraction after 100 800 s
This sequence of plug-flow towards the outlet, followed by mixing through the depth of the lagoon 
in the sections closest to the outlet was followed for the rest of the simulation.
DISCUSSION
The real systems investigated by many researchers including the authors, Salter et al. (in press). 
Wood (1997) and Frederick and Lloyd (1996), have all demonstrated significant hydraulic short- 
circuiting in real systems using tracer studies. The results presented in this paper, although wind is 
not yet included in the model, suggest explanations for the cause of this. The complexity of the 
interactions between the three dimensions of space with time, temperature and the tracer species 
mean that this type of investigation would be extremely difficult to carry out on a real system.
Salter et al. (1999) and Shilton (1999) demonstrated the strength of CFD as a tool for investigations 
of the effects of lagoon geometry on the hydraulic regime. In this work it has also been possible to 
integrate the thermal effects, which have been suggested as a cause of hydraulic short-circuiting by 
several authors, for example Gu et al. (1996) and McDonald and Ernst (1986). The results of the 
simulations described here suggest that the effects of the thermal stratification were less 
pronounced at the outlet when baffles were installed in the lagoon. The hydraulic regime in the 
case with baffles appeared to be much closer to plug-flow, with the tracer taking longer to reach the 
outlet. The baffles appear to maintain the mass-fraction of the tracer and the temperature at a
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higher level in the section of the lagoon closest to the inlet. This seems to limit the effect of the 
mixing of the lagoon to the sections closest to the outlet when the stratification breaks down.
There is some disagreement in the literature over the benefits of installing baffles in lagoons in 
order to increase the length to width ratio. For example, Pearson et al. (1995) found that an 
increase in length:width ratio of up to 6:1 had no effect on the performance of secondary facultative 
lagoons. However, other workers, such as Nameche and Vasel (1998), Juanico (1991), Thackston 
et al. (1987) and Mangelson and Watters (1972) have concluded that it is one of the most important 
factors governing the performance of lagoons. Nameche and Vasel (1998) studied a number of 
lagoon systems, and assumed that every basin can be described by a dispersion model. They found 
that dispersion, or Peclet, number is particularly dependent on the geometry of the lagoon. This 
was also the finding of Agunwamba (1992). Despite Mangelson and Watters concluding in 1972 
that pond geometry was a crucial area of research, very little work has been done in the intervening 
years. This is probably due to the practical difficulties and expense of carrying out large scale 
investigations into lagoon hydraulics. Nameche and Vasel (1998) found very little good data for 
tracer studies in the literature. The velocity vectors for the steady state model described by Salter et 
al. (1999), on which this simulation is based, have been validated by Ta (1999) using electronic 
distance measurement (EDM) on reservoirs, as discussed earlier.
The pattern of stratification followed by mixing was proposed by Marais and Shaw (1961), 
although they believed the mixing would be caused by the action of the wind. However, the pattern 
was observed by Gu et a l (1996), who found that it was due to the climatic conditions experienced 
by the lagoon. They point out that information on the stratification conditions in a pond, and thus 
the mixing regime, is essential in order to gain an understanding of the performance of a lagoon 
system. This point is also made by Pearson et al. (1995), who also suggest that it may be of greater 
importance to treatment efficiency than flow in the longitudinal axis. Thermal stratification will 
have a significant effect on factors such as dissolved oxygen concentration and pH, and thus will 
impact on removal mechanisms for both chemical and microbiological parameters. This highlights 
the importance of understanding not only the horizontal but the vertical variations in lagoons, 
which has been discussed by a number of authors, for example Weatherell et al. (1999), Salter et al. 
(in press) and Kayombo et al. (1999a and b). In addition to the vertical differences in the lagoon 
itself. Wood et al. (1998) found that three-dimensional CFD modelling was essential for the inlet 
geometry to be correctly represented.
Wood (1997) found that, for all the three-dimensional CFD models he investigated of clean, well 
defined ponds without solids, algae or plants, only 80 to 90 percent of the volume was used. This 
will be significant for those removal mechanisms which are first order, but the processes occurring 
within lagoons are highly complex, and no process operates in isolation. Wood suggested that the 
presence of dead-zones with longer retention times might actually prove to be beneficial in existing 
ponds by providing an area for the degradation of slowly biodegradable compounds. When 
designing a pond, it is essential that the nature of the influent is considered so that sufficient 
retention time is allowed for the degradation of all known pollutants.
CONCLUSIONS
• The thermal stratification appeared to cause significant hydraulic short-circuiting in the lagoon 
in the absence of baffles, with the warm influent rapidly reaching the outlet. The short- 
circuiting was more severe than in the steady-state case as only a small part of the lagoon 
volume in the warm top layer was used.
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• A pattern of stratification followed by almost complete mixing was seen to be repeated through 
the whole of the simulation. The stratification did not break-down immediately once the 
influent became cold.
• The addition of baffles appeared to decrease the effects of hydraulic short-circuiting. However, 
the retention time was still significantly less than the theoretical retention time. This was again 
due to the short-circuiting of the warm influent in the warm top layer of the lagoon.
• A similar pattern of stratification followed by mixing through the lagoon’s depth was also 
observed when baffles were added, but the mixing was restricted to the areas furthest from the 
inlet.
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ABSTRACT
A poorly performing lagoon system was investigated to determine the cause of the 
problems. Computational fluid dynamics (CFD) modelling was initially carried out 
to establish the hydraulic regime in the lagoon. The results indicated significant 
hydraulic short-circuiting was occurring. Observations taken in the system had 
also indicated that there was thermal stratification, so the model was extended to 
include this. The influent water was modelled to be 31 C for 8 hours, with the 
heating effect of the sun included, followed by 16 hours of influent at 28 °C. These 
conditions simulated the conditions seen in the real lagoon. The simulation was 
carried out both with and without baffles over a ten day period using a chemical 
species transport model. The pseudo residence time distribution (RTD) curves 
highlighted the problems caused by the stratification. For both cases, with baffles 
and without baffles, there was an initial peak, corresponding to short-circuiting of 
the warm influent in the warm upper layers of water, and a second peak caused by 
the passage of the cooler influent water along the bottom of the lagoon. This 
pattern of pairs of ‘hot’ and ‘cold’ maxima was seen to repeat for the remainder of 
the simulation. However, for the case with baffles, there was a slight improvement 
in the hydraulic regime indicated by a shift to the right, towards the nominal 
retention time, in the RTD curve. Comparison of the pseudo RTD curves with 
those from the steady-state, iso-thermal case highlighted the problems of thermal 
stratification for the hydraulic regime, but also suggest that, if  the aim of the 
simulation is to optimise, only the iso-thermal case need be studied. This has the 
advantage of being more rapid and more easily interpreted.
Key words - Pseudo residence time distribution; thermal stratification 
INTRODUCTION
Part I of this paper described the hydraulic regime modelled in a facultative lagoon which included 
the thermal effects. It extended the steady-state computational fluid dynamic (CFD) modelling 
presented by Salter et a l (1999), both with and without baffles installed. This was necessary as 
profiling of the lagoon showed that there was thermal stratification, and it was thought that this 
might have a significant effect on the hydraulic regime. The thermal stratification appeared to 
cause significant hydraulic short-circuiting in the lagoon in the absence of baffles, with the warm 
influent rapidly reaching the outlet. The short-circuiting was more severe than in the steady-state 
case as only a small part of the lagoon volume in the warm top layer was used. A pattern of
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stratification followed by almost complete mixing was seen to be repeated through the whole of the 
simulation. The stratification did not break-down immediately once the influent became cold. The 
addition of baffles appeared to decrease the effects of hydraulic short-circuiting, although the 
retention time was still significantly less than the theoretical retention time of 10 days. This was 
again due to the short-circuiting of the warm influent in the warm top layer of the lagoon. A 
similar pattern of stratification followed by mixing through the lagoon’s depth was also observed 
when baffles were added, but the mixing was restricted to the areas furthest from the inlet.
This paper presents the pseudo residence time distribution (RTD) curves for the models with and 
without baffles for the simulated tracer study.
METHODOLOGY
Depth: 
2.5 m
180 m
CXitlet
Met
Figure 1. Layout and dimensions of lagoon
Geometry. Figure 1 shows the layout of the lagoon. Three dimensional modelling was employed 
to allow inclusion of the effect of the inlet, outlet and the thermal effect. The computational mesh 
used was a 18 x 48 x 8 structured grid. A finer mesh was also used to investigate grid dependency, 
but the finer mesh was not found to be beneficial. Two baffles were added across the lagoon at 140 
m and 70 m down the lagoon from the outlet
Boundary conditions. Time-dependent thermal conditions in the lagoon were modelled using a 
time-step of 120 s, with data being saved every 30 time-steps i.e. once per hour. The flow 
turbulence was modelled using the standard k-epsilon model (see, for example, Versteeg and 
Malalasekera, 1995). Thermal calculations were carried out, and a buoyancy term was included. 
The temperature was varied depending on the time of the day; 31°C for eight hours during the day, 
and 28 C for the remaining 16 hours. The calculation was performed for a ten day period, and the 
lagoon was assumed to be stratified at the beginning of the first day. The surface of the water was 
at 31°C, reaching 28°C at 1 m depth, and remaining at this temperature for the rest of the depth. 
The inlet was defined as a velocity inlet, with the water temperature at 31°C for 8 hours during the 
day, and at 28°C for the next 16 hours, and a flow velocity of 0.018 ms"1. The outlet was defined as 
a mass flux boundary. The fixed and frictionless wall boundary at the water surface, used to 
simulate the free surface condition also varied in temperature; the temperature was at 31°C for 8 
hours during the day and at 28°C for the rest of the day. The temperatures were used to simulate 
the actual measurements taken from the real system (Salter et a l, 1999). Wind effects were not 
included in this model.
Residence time distribution. To simulate the pseudo RTD curve, a constant concentration of tracer 
was injected into the pond at the inlet as a step addition. It cannot be considered as a true RTD
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curve as this requires steady-flow conditions. However, the curves can still be used to interpret the 
hydraulic regime. A pulse of tracer was not used as the time-dependent and thermal effects would 
make it impossible to establish the effects on the tracer of the hydraulic regime. The mass fraction 
of species was recorded at the outlet as a function of time. The gradient of the outlet concentration 
curve i.e. the difference in concentration between each time step was calculated, and used to 
produce the pseudo RTD curve.
RESULTS 
Without Baffles
Figure 2 shows the pseudo residence time distribution (RTD) curve for the case without baffles. 
For the first five days of the simulation, the curve was extremely erratic, and so the data presented 
is for the later period. This was necessary to allow time for the flow to converge to stable 
conditions. A clear periodicity of ‘double maxima’ can be seen. The first maximum was due to the 
arrival of flow while the influent and surface were hot when the flow was predominantly in the top, 
warm layer of water. The second maxima occurred during the lower temperature period, when the 
cooler influent flowed along the bottom of the lagoon. This can be understood when the 
stratification in the lagoon shown by the temperature profile graphs presented in Part I of this paper 
is considered. The top layers of water remain warm for a considerable period after the influent has 
switched to cold, causing it to drop to the bottom of the lagoon. The pattern of a ‘hot maxima’ 
followed by a ‘cold maxima’ then repeats, with a gradual reduction in the size of the maxima.
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Figure 2. Pseudo RTD curve for the simulation without baffles
Figure 3 shows a comparison between the pseudo RTD and the RTD obtained for the steady-state 
iso-thermal conditions without baffles presented by Salter et al. (1999). The detrimental effect of 
stratification can be clearly seen as the splitting of the single maximum into the two ‘hot’ and 
‘cold’ maxima. For the ‘hot’ maxima, short-circuiting in the warm top layer has effectively
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reduced the accessible flow volume to approximately 35 percent, although the ‘cold’ maxima uses 
approximately 80 percent of the lagoon volume as it travels in the lower, cooler layers of the 
lagoon.
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Figure 3. RTD curve for the steady-state iso-thermal case and the thermal case without baffles 
With Baffles
Figure 4 shows the pseudo RTD curve for the simulation with baffles installed.
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Figure 4. Pseudo RTD curve for the simulation with baffles
A pattern of double maxima, similar to that seen for the case without baffles, was observed for the 
case with baffles. Again, this was due to the different flow conditions resulting from the alternating 
hot and cold influent and surface water. However, in this case, the maxima were shifted to the
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right, showing an increase in the retention time. Furthermore, the ‘cold’ maximum became wider 
and overlapped with the next hot maximum. This overlap explains an increase in the concentration 
of the second ‘hot’ maximum compared to the first. This overlap occurred because of the greater 
distance to be travelled from the inlet to the outlet once baffles had been installed. The pseudo 
RTD became negative due to the numerical errors arising when the RTD curve was calculated from 
the gradient of the cumulative mass fraction curve.
The comparison of the pseudo RTD and the RTD from the steady-state iso-thermal simulation with 
baffles, shown in Figure 5, shows similar trends to the case without baffles. The stratification still 
caused significant short-circuiting, but the overall retention time was greatly improved. The ‘hot’ 
maximum again corresponds to a reduction in the available lagoon volume to approximately 35 
percent. However, the first ‘cold’ maximum corresponds to only about 70 percent. It is thought 
that this reduction in available volume, compared to the 80 percent available in the case without 
baffles, could be due to the more stable stratification i.e. there was a greater volume of warm water 
remaining at the surface after the influent had switched to cold.
1.20E-02
I.00E-02 RTD -thermal + transient with baffles
Steady-state
I.O0E-03
«  6.00E-03
S  4.00E-03 
1
2.00E-03
O.OOE+OO
f. >0 1.50 2 . >0 3.30 4.30
-2.00E-03
Normalised time
Figure 5. RTD curve for the steady-state iso-thermal case and the thermal case without baffles
DISCUSSION
The multiple-maxima pseudo RTD curves described here have been reported in the literature, for 
example, by Wood (1997), Dorego and Leduc (1996), Racault et a l (1984) and Mangelson and 
Watters (1972). Mangelson and Watters experienced problems with carrying out tracer studies on 
real systems because of the long duration of the tests and the inability to control the geometry and 
flow conditions. This issue of the need for steady-flow raises doubts over the validity of dispersion 
numbers and average detention times derived from tracer studies for systems with long retention 
times, such as those described by Dorego and Leduc (1996) or Frederick and Lloyd (1996).
Wood (1997) found problems with producing accurate RTD curves for tracer studies of lagoons 
with long retention times. He believed that it was the varying wind patterns which caused the 
problems with inaccuracies. The problems he experienced are not surprising as he was trying to
produce curves for non-steady-state conditions. In addition, although the wind may be a 
contributing factor, the work described in this paper has clearly demonstrated the very strong 
influence of the thermal conditions within a lagoon on the hydraulic regime. Wood was unable to 
include thermal stratification in his CFD models, and thus it would have been almost impossible to 
simulate the conditions in the lagoons during an Australian summer. In the absence of external 
factors, under steady state conditions, Salter et a l (1999), Shilton (1999) and Wood (1997) showed 
that effect of the influent on the mixing of the pond is significant. However, this work has shown 
that, once the effects of thermal stratification are included, the mixing regime becomes 
considerably more complex.
Racault et al. (1984) carried out tracer studies on a large lagoon in France with and without baffles 
installed. They concluded that the slight increase in the plug-flow nature of the lagoon when 
baffles were installed did not compensate for the increase in the retention time as there was also an 
increase in the number of dead-zones. However, the authors themselves point out that, for obvious 
practical reasons, the comparison of the two geometries could not be carried out under the same 
conditions; each tracer study took several months, by which time the climatic conditions, and thus 
the flows to the site, had changed significantly, with the study without baffles taking place during 
the winter, and the other during the summer. Using the CFD model, it is possible to run simulated 
tracer studies under identical conditions so that direct comparisons can be made. This will 
obviously allow different geometries and different flow and climatic conditions to be assessed. 
Racault et a l (1984) stress the importance of the climatic conditions, particularly the effect of 
wind, on the flow within a lagoon. It was not possible to include the wind in this model, but it is 
clear from the results presented here the profound influence environmental factors have on the 
hydraulic regime.
Ferrara and Harleman (1981) carried out tracer studies of a number of lagoons with different inlet 
and outlet arrangements, and found that none of them achieved the removal efficiencies expected of 
plug-flow conditions, and several were unable even to reach completely-mixed flow efficiencies. 
This paper has shown that, under the varying climatic conditions which are experienced by real 
lagoons, it is unlikely that any one type of hydraulic regime will be experienced. The type of 
behaviour described here has been reported, for example by Marais and Shaw (1961) and Gu et al. 
(1996), but is virtually impossible to simulate by any technique other than CFD modelling. The 
ability to undertake a detailed investigation of the effect of the simple geometric modification 
described here (the addition of baffles) on the complex hydraulic regime, demonstrates the power 
of the technique. However, as with all modelling techniques, it is essential that validation studies 
are carried out. This model was based on actual measurements of the thermal stratification. Using 
the known properties of water, it would be reasonably straightforward to model the heating effect 
of the sun directly. Other factors, such as the dissolved oxygen concentration, are more complex to 
model as the contribution from algal activity will need to be estimated. Mathematical models do, 
however exist for this, as well as for other parameters such as faecal coliforms (for example, 
Kayombo et a l, 1999a and b; Mayo, 1995; Polprasert et a l, 1983; Fritz et a l, 1979). However, 
these models are also in need of further validation, as the interactions between each different model 
are not well understood, and are extremely intricate. There is also the facility to integrate these 
models into the CFD model itself, so that a complete picture of both the hydraulic regime and the 
removal mechanisms within a lagoon can be described with increasing accuracy.
The comparisons of the pseudo RTD curves discussed here and the RTD curves for the steady-flow 
case presented by Salter et a l (1999), both with and without baffles, show that there is a clear shift 
to the left, away from the nominal retention time when the thermal stratification is included in the 
model. However, for both the thermal and the iso-thermal cases, the maximum moves to the right.
6
towards the nominal retention time, that is, the design retention time, when baffles are added. 
These results suggest that it may be possible to carry out CFD modelling to optimise lagoon 
performance for only iso-thermal conditions. In addition, the RTD curve produced is less complex 
than in the thermal case, and therefore more easily interpreted. A fully integrated model, including 
removal mechanisms and physical parameters such as pH and dissolved oxygen will obviously still 
be important.
CONCLUSIONS
• A pattern of pairs of maxima was seen in the pseudo RTD curve for both the case with baffles 
and that without. The first maximum in both cases corresponded to the short-circuiting of the 
hot influent in the warm upper layer of stratification, and the second to the passage of the cold 
influent in the cooler lower layers of the lagoon. This pattern then repeated for the remainder of 
the simulation.
• The severity of the short-circuiting caused by the stratification was highlighted by a comparison 
of the normalised pseudo RTD curves and the RTD curves for the steady-state cases. There was 
a clear shift to the right in the position of the maximum for the thermal case with baffles 
compared to the case without i.e. the maximum moved closer to the nominal retention time. 
However, this was still far short of the ideal shown in the steady-state case with baffles, where 
the maximum was at 1, the nominal retention time.
• Both the thermal and the iso-thermal simulations show a shift in the maximum towards the 
nominal retention time, which corresponds to the design retention time, when baffles were 
installed in the lagoon. Therefore it may be possible to carry out CFD modelling for 
optimisation of lagoon systems only for the iso-thermal case. This would have the advantages of 
providing meaningful results more rapidly, together with RTD curves which are more easily 
interpreted. However, this does not remove the need to develop fully integrated CFD models to 
provide a clearer understanding of how the complex processes occurring within lagoons interact.
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CONCLUSIONS FROM PAPERS 8 TO 10
The lagoon series which was investigated in Thailand was found to be performing 
poorly with respect to BOD removal, and this was thought to be due to significant 
hydraulic short-circuiting. The lagoons were also found to be thermally stratified. 
Steady flow and time-dependent CFD modelling were carried out on one of the 
lagoons. The time-dependent model could include the thermal stratification.
The steady flow model without baffles showed the flow entering the lagoon 
following the wall opposite the inlet, directly to the outlet, with most of the flow 
re-circulating slowly in the central area of the lagoon. The actual retention time 
was found to be significantly shorter than the theoretical retention time. This is 
thought to be the cause of the poor performance of the lagoons. No stratification 
was possible under steady flow conditions due to the back-flow from the outlet end 
of the lagoon mixing with the rest of the flow.
The steady flow model with baffles placed in the central region of the lagoon 
showed that the short-circuiting could be significantly reduced, and the retention 
time increased, by a very simple modification. The steady flow model has been 
validated using the EDM method in reservoirs, as well as measurements of the 
dissolved oxygen concentrations at night in the lagoon system, and problems with 
odour and re-suspended sludge.
Removal efficiency was found to be best with plug flow conditions, as the longest 
retention time gives higher percentage removals.
The prevailing wind is thought to increase short-circuiting if it is blowing from the 
inlet towards the outlet. However, the installation of baffles would help to 
minimise this problem.
In the time-dependent model, the thermal stratification appeared to cause 
significant hydraulic short-circuiting in the lagoon in the absence of baffles, with 
the warm influent rapidly reaching the outlet. The short-circuiting was more severe 
than in the steady-state case as only a small part of the lagoon volume in the warm 
top layer was used. The addition of baffles appeared to decrease the effects of 
hydraulic short-circuiting. However, the retention time was still significantly less 
than the theoretical retention time. This was again due to the short-circuiting of the 
warm influent in the warm top layer of the lagoon.
A pattern of stratification followed by almost complete mixing was seen to be 
repeated through the whole of the simulation. The stratification did not break­
down immediately once the influent became cold. A similar pattern of 
stratification followed by mixing through the lagoon’s depth was also observed 
when baffles were added, but the mixing was restricted to the areas furthest from 
the inlet.
A pattern of pairs of maxima was seen in the pseudo RTD curve for both the case 
with baffles and that without. The first maximum in both cases corresponded to 
the short-circuiting of the hot influent in the warm upper layer of stratification, and 
the second to the passage of the cold influent in the cooler lower layers of the 
lagoon. This pattern then repeated for the remainder of the simulation.
The severity of the short-circuiting caused by the stratification was highlighted by a 
comparison of the normalised pseudo RTD curves and the RTD curves for the
steady-state cases. There was a clear shift to the right in the position of the 
maximum for the thermal case with baffles compared to the case without i.e. the 
maximum moved closer to the nominal retention time. However, this was still far 
short of the ideal shown in the steady-state case with baffles, where the maximum 
was at 1, the nominal retention time.
Both the thermal and the iso-thermal simulations show a shift in the maximum 
towards the nominal retention time, which corresponds to the design retention time, 
when baffles were installed in the lagoon. Therefore it may be possible to carry out 
CFD modelling for optimisation of lagoon systems only for the iso-thermal case. 
This would have the advantages of providing meaningful results more rapidly, 
together with RTD curves which are more easily interpreted. However, this does 
not remove the need to develop fully integrated CFD models to provide a clearer 
understanding of how the complex processes occurring within lagoons interact.
Section 5 - Discussion and Conclusions
DISCUSSION
The research presented in this portfolio is an attempt to draw together two key strands in 
understanding tertiary lagoons; the removal mechanisms operating in lagoons, and the influence of 
the hydraulic regime on the removal performance, and how these factors relate to design of new 
lagoons. Papers 1 and 2 present literature reviews on each of these areas of research, and they 
highlight the current lack of definitive information in both areas. The lack of understanding of 
removal mechanisms for pathogens and well validated design criteria is of particular relevance to 
the work presented here.
The mechanisms of bacterial removal are still being debated, and there are conflicting results on the 
contribution of the different physical and chemical factors involved. The main factors are thought 
to be light, dissolved oxygen and pH. However, which mechanisms will predominate will also be 
dependent on the climatic conditions experienced by the lagoon; there will be pronounced 
differences between systems operating in tropical and temperate climates. Even less is known about 
the removal mechanisms of pathogens such as enteroviruses, Giardia and Cryptosporidium. Most 
work has concentrated on the indicator organisms such as faecal coliforms because of the high cost 
of analysis for true pathogens. This analytical stumbling block will need to be eliminated, as there 
is a significant body of work now available showing that real pathogens behave very differently 
from indicator organisms. There is also very little information in the literature on the removal of 
ammonia, COD, BOD, suspended solids and heavy metals from tertiary lagoons, and it is clear that 
research is required to develop a better understanding of these mechanisms.
The majority of tertiary lagoons in existence have been designed using the equations developed by 
Marais and Shaw (1961) based on first-order removal kinetics for bacteria, but this approach has 
produced a wide variation in performance. There is also debate in the literature over whether plug- 
flow is better than completely mixed, and how optimal performance is achieved. Mathematical 
models have been proposed which more accurately model the mechanisms of removal for bacteria 
mentioned above, as well as including a term for the hydraulic regime, the dispersion number. 
However, these models are not practical for designing new lagoons as the extra terms cannot be 
readily determined. Computational fluid dynamic (CFD) modelling has been proposed as a way of 
bridging the gap between mechanistic studies and hydraulic studies, but initial attempts were not 
successful. The problem with these models, as with the mathematical models, was the inability to 
model accurately in three dimensions and include a term for turbulence. However, using 
commercially available software packages rather than specially developed codes, it has been 
possible to simulate lagoons in three dimensions, including a well validated method of modelling 
turbulence. There may also be a need to develop design approaches appropriate for each of the wide 
variety of climatic conditions experienced in different areas of the world, and this will be facilitated 
by the use of CFD modelling techniques.
The monitoring of the tertiary lagoons at Holmwood, Chesham and Basingstoke sewage treatment 
works showed that none of these systems were producing an effluent which complied with the 
requirements of either the World Health Organisation’s (WHO) guideline values for wastewater 
reuse (1000 faecal coliforms per 100 ml and 1 nematode egg per litre)or the European Community 
mandatory values for bathing waters (10 000 total coliforms, 2 000 faecal coliforms and zero 
Salmonella and enteroviruses per 100 ml) on more than a few occasions. This is not surprising as 
the systems were designed purely for solids capture, and have nominal retention times of only a few 
hours rather than of several days. Distinct seasonal patterns of performance were seen at 
Holmwood both when it was operated in parallel and in series. The operation of the lagoons,
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although not significantly improving performance, did give more consistent performance over the 
year. The performance of the lagoons at all sites was also largely dependent on the performance of 
the upstream conventional treatment processes. These problems were not unexpected; the lagoons 
were not designed for pathogen removal, and the extremes of temperature experienced in a 
temperate climate were obviously going to cause variability in the performance of a system reliant 
on biological processes.
The tracer studies carried out during the course of this research have all shown that there is 
significant short-circuiting in the lagoons being investigated. Tracer studies of real systems are 
difficult and time-consuming to carry out, which explains the lack of good data available. The long 
retention times of many systems has also prevented the production of good data as it is normally 
recommended that monitoring continues for up to three times the nominal retention time. All the 
systems studies here had retention times of only a few hours, which is significantly shorter than the 
minimum usually recommended for pathogen removal. However, the short retention times removed 
the problem of having very wide variations in the flow rate during the tracer study, and thus allowed 
the production of residence time distribution (RTD) curves. These simply demonstrated the high 
degree of short-circuiting experienced by the lagoons, which will obviously be a factor in their poor 
removal performance. This has been a feature of tracer studies carried out on lagoons all over the 
world (for example, Wood, 1997; Frederick and Lloyd, 1995; Mangelson and Watters, 1972).
Profiling of the lagoons showed that there were significant differences down through the lagoon, 
particularly in temperature and dissolved oxygen. These differences in the vertical plane were 
found to be much greater than those in the horizontal plane, effectively dividing the lagoon into 
layers. Gu et al. (1996) point out that information on the stratification conditions in a pond, and 
thus the mixing regime, is essential in order to gain an understanding of the performance of a lagoon 
system. Pearson et al. (1995) also suggest that the effect of thermal stratification may be of greater 
importance to treatment efficiency than flow in the longitudinal axis. Thermal stratification will 
have a significant effect on factors such as dissolved oxygen concentration and pH, and thus will 
impact on removal mechanisms for both chemical and microbiological parameters. This highlights 
the importance of understanding not only the horizontal but the vertical variations in lagoons, which 
has been discussed by a number of authors, for example Weatherell et al. (1999) and Kayombo et 
al. (1999a and b).
Steady-state CFD modelling of a lagoon also indicated that the poor performance of the system was 
related to the short-circuiting, resulting in a much lower actual retention time than the design 
retention time. The installation of baffles into the model showed that short-circuiting could be 
significantly reduced and the performance improved. The steady-flow model has been validated 
using the EDM method in reservoirs. The detrimental effect of thermal stratification on the 
hydraulic regime was also demonstrated by the time-dependent CFD modelling of the lagoon, 
where it caused an even greater degree of short-circuiting to occur. The addition of baffles to the 
lagoon did improve the flow, but the retention time was still significantly lower than the nominal 
retention time. In addition to the vertical differences in the lagoon itself, Wood et al. (1998) found 
that three-dimensional CFD modelling was essential for the inlet geometry to be correctly 
represented. It is clear, therefore, that any modelling technique for lagoons, whether it be for 
facultative or tertiary lagoons, must be capable of integrating all three dimensions in order to 
present an accurate picture of the processes occurring within the system.
The practical results for monitoring data, tracer studies and depth profiling presented in this 
portfolio in Papers 3 to 7 have demonstrated that the hydraulic regime is a key element in 
determining the level of treatment achieved by a tertiary lagoon, both for chemical parameters and
2
for pathogenic organisms. Practical investigations of lagoons will not be replaced by CFD 
modelling; they are an essential part of validating the models. The power of CFD modelling is that 
it is an aid to understanding the results obtained from real systems as each of the many factors 
affecting performance in the lagoons can be examined individually before reintegrating them to 
investigate their combined effect. Using the CFD model presented in Papers 8 to 10 it will be 
possible to optimise the flow for new lagoons to ensure that the required level of treatment is 
achieved, and investigate and correct problems with existing lagoons. In the future, this model will 
be extended to include terms for the biological, physical and chemical processes occurring within 
lagoons, and thus provide even greater insight into their behaviour.
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CONCLUSIONS
• The mechanisms of removal in tertiary lagoons are not well understood, particularly those for 
pathogen removal. There is much debate in the literature on the mechanisms of bacterial 
removal, and conflicting results on the importance of the different chemical, biological and 
physical factors. More research is also necessary on the mechanisms of removal for viruses and 
intestinal parasites.
• The majority of tertiary lagoons in use around the world have been designed using the equations 
developed by Marais and Shaw (1961) based on first-order removal kinetics for bacteria. 
However, a large number of these lagoons do not produce an effluent which complies with the 
requirements for wastewater reuse, and it is therefore necessary to develop a new approach to 
design. A number of mathematical models have been proposed, but these are not practical for 
designing new lagoons, so computational fluid dynamics (CFD) has been proposed as an 
alternative.
• Monitoring of tertiary lagoons at three sites in the Thames Water region was undertaken over a 
three year period. The results showed that although the effluents complied with the existing 
discharge consents for the sites, the lagoons were not capable meeting either the requirements of 
the EC directive on bathing water or the WHO guidelines for wastewater reuse. Modifications of 
a pair of lagoons to operate in series rather than in parallel, thus increasing the retention time, 
still did not produce an effluent of a high enough quality with respect to the bacterial indicator 
organisms.
• Profiling of the lagoons showed that there were significant differences down through the lagoon. 
These differences in the vertical plane were found to be much greater than those in the horizontal 
plane. This highlights the importance of modelling in three dimensions, which none of the 
existing mathematical models are capable of achieving.
• Tracer studies found that all of the lagoons investigated had a large degree of short-circuiting, 
shown by the early arrival of the maximum in the RTD curves. The dispersion numbers all 
indicated that the hydraulic regimes were dispersed plug-flow.
• Steady-state CFD modelling of a lagoon indicated that the poor performance of the system was 
related to the short-circuiting causing the actual retention time to be much lower than the design 
retention time. The installation of baffles into the model showed that short-circuiting was 
significantly reduced and the performance improved. The steady-flow model has been validated 
using the EDM method in reservoirs.
• Time-dependent CFD modelling of the lagoon was also carried out in order to investigate the 
effect of thermal stratification on the hydraulic regime. Stratification was found to have a very 
detrimental effect on the flow, causing an even greater degree of short-circuiting to occur. The 
addition of baffles to the lagoon did improve the flow, but the retention time was still 
significantly lower than the nominal retention time.
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1. Introduction
Tertiary lagoons, or maturation ponds, have generally been viewed as an effective and 
low-cost method of removing pathogens from wastewater. Their low operation and 
maintenance costs have made them a popular choice for wastewater treatment, 
particularly in developing countries since there is little need for specialised skills to run 
the systems. There are also systems in use in Europe, the USA and Australia. 
Pathogen removal in the lagoons is due to naturally occurring processes, namely UV 
light, high pH, temperature, sedimentation, and retention time. However, the extent to 
which each of these factors contribute to pathogen removal is not well understood. It 
has also become obvious that the design criteria used for lagoons are not adequate, and 
have lead to severe problems with performance.
Wastewater reuse is becoming increasingly important worldwide. Safe reuse, 
particularly in irrigation, is dependant on adequate pathogen removal. In the UK, there 
is no requirement for pathogen removal from the effluents of sewage treatment works. 
A few sites in the Thames region do have tertiary lagoons, but these were built to 
provide solids removal, although some pathogen removal does also occur. Thames 
Water’s main interest in the project is to support bids by Thames Water companies for 
projects where tertiary lagoons are the main process for disinfection. In the longer 
term, the EC Bathing Water Directive may be extended to cover rivers, in which case 
legal requirements for pathogen removal will be brought in in the UK, and the removal 
of pathogenic organisms will become a major issue for all sewage treatment works.
The specific aims of the project are to understand the relationship between hydraulic 
residence time and pathogen removal in tertiary treatment lagoons, and hence improve 
the hydraulic performance of lagoons. These aims will be achieved by carrying out 
long-term monitoring of the effluent quality of lagoons at four sites in the Thames 
region. The data from the monitoring programme will be used to produce a validated 
CFD model which can be used to improve the design of new lagoons and predict the 
effect of any potential remedial measures in poorly performing existing lagoons.
The main objectives for the first six months of the project were as follows:
2
1. To carry out a detailed review of the literature on the design and the pathogen
removal performance of tertiary lagoons
2. To assess any existing performance data and design information for lagoons in
the Thames Water region
3. To carry out a general survey of all Thames Water lagoons in terms of physical
dimensions and the inlet/outlet orientation
4. To carry out a brief evaluation of the performance of the lagoons for:
a. BOD
b. suspended solids
c. n h 3-n
d. p o 4-p
e. E. coli
f. Enterococci
2. Literature Review
The full literature review is being issued as a separate document, but the conclusions
are summarised here:
• The main mechanisms of nitrogen removal in tertiary lagoons are thought to be 
volatilisation of ammonia and sedimentation of organic nitrogen via biological 
uptake. However, more research is needed to establish which of the two factors 
is dominant.
• There is very little information in the literature on the removal of chemical 
oxygen demand (COD), biological oxygen demand (BOD) and heavy metals 
from tertiary lagoons, and it is clear that research is required to develop a better 
understanding of these mechanisms.
• There is still much debate on the mechanisms of bacterial removal, and there are 
conflicting results on the contribution of the different physical and chemical 
factors involved. More work is required to investigate the contribution of algal 
toxins, predation, starvation, temperature and retention time, and the 
relationship between pH, dissolved oxygen concentration, light and lagoon 
depth. More research also needs to be carried out on virus and intestinal 
parasite removal and establish methods for their detection and quantification.
• Many of the studies of lagoon performance were carried out for only limited 
periods, usually less than a year. This makes the data obtained of limited value 
as the effects of seasonal variations in temperature, rates of evaporation, the 
amount of rainfall and hours of sunlight will obviously have an important 
impact on the quality of the effluent from the lagoons. This is particularly
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important in temperate and continental climates where extremes of temperature 
will be experienced.
• There is a lack of clear advice in the literature on the most suitable hydraulic 
flow pattern for tertiary lagoons, despite its importance to the performance of a 
system, and this is therefore an area where more research is needed.
There is obviously much scope to make a contribution to knowledge in a number of 
areas in lagoon technology.
3. An Assessment of Thames Water’s Lagoons
A search for existing performance and design data revealed that there was very little 
information available within Thames Water on their tertiary lagoons. It was established 
that there are 21 sites with lagoons, but of these only 18 are currently operational. The 
information found within Thames Water on the lagoons is company confidential and so 
is not included here, but will be attached to this report as Appendix 1 for the company 
and my supervisors.
In general, the information that was found on the physical structures of the lagoons 
showed that there is a very wide variety of designs in use. This is due to the fact that all 
of the lagoons were built before privatisation took place, and were therefore built by 
individual local councils. There do not appear to be any design criteria still in existence 
for any of the lagoons, and thus it is impossible to know how the dimensions of the 
systems were determined. It is likely that, to some extent, these were based simply on 
the amount of land that was available on a site, or the presence of disused gravel pits. 
There were very few useful, up to date performance data for any of the sites.
From the site visits it was possible to gain a better understanding of the actual amount 
of usage and mode of operation of the lagoons, and their state of repair. This also 
varied enormously from site to site. Some of the lagoons are drained down regularly 
and cleaned out, while others have not had the sludge removed for more than 10 years. 
The reports for each site can be found in Appendix 2.
4. Site Performance Evaluation
Spot samples were taken at the inlets and outlets of each of the operational lagoons, and 
these were taken for analysis for the parameters listed in 
section 1 by the standard methods at the Thames Water laboratories. Enterococci were 
not analysed for at all of the sites. The tables of results are given over page. 
Descriptions of each of the sites and a description of each site and the position of the 
sampling points can be found in Appendix 2.
Since the results are only from spot samples, it is impossible to draw any meaningful 
conclusions from the data, but there were some surprising results. For example at 
Eydon, which has the smallest operational lagoon, larger reductions occurred for E. 
coli, BOD, suspended solids and total phosphorus than were found at Rye Meads, 
which is the largest lagoon system. However, in general, where there was a reduction 
in suspended solids, there was also a reduction in the number of bacteria.
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5. Future Work
• A two year monitoring programme has been proposed for four lagoons sites of 
different sizes and configurations; Stanford Rivers, Nags Head Lane, Horley and 
Holmwood. One week per month will be spent at each site, and 24 hour composite 
samples will be taken five days per week. The following parameters will be 
monitored for:
0 E. coli and Enterococci (routinely), general enteroviruses, and
Cryptosporidium and Giardia (occasionally)
0 N 03, NH3, P 0 4, BOD, total suspended solids, COD, Pb, Cd, Cr, Zn, Ni and Cu
(routinely), and total organic carbon, Chlorophyll a and total N and P 
(occasionally)
0 pH, temperature, dissolved oxygen and conductivity (routinely)
• There will be investigations of the hydraulic nature of the lagoons using lithium 
chloride as a tracer, and the results will be used in CFD modelling of the systems.
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Sewage Treatment Works Visits
Cholsey 8/1/96
The banks were clear of vegetation as the lagoons had been renovated during summer 
‘95. Samples were taken at the points marked a - h.
To outfall
65.7 mConcrete weir
WalkwayEarth bank
Inlet from biofilters
The lagoons operate as two pairs in series. Flow enters the system via a wide channel, 
and enters lagoons 1 and 2 via two breaks in the walls (approximate position is 
marked with arrows). The effluent leaves lagoons 1 and 2 via concrete weirs at the 
opposite end to the inlet and flows down the channel to enter lagoons 3 and 4. It 
leaves lagoons 3 and 4 via another concrete weir to enter a central channel which 
leads to the point of discharge to the river. The outfall was not inspected.
Chesham 16/1/96
The banks were extremely well kept, but there is a very noticable leak on at least one 
side (marked X below). The works was rebuilt about 5 years ago, but the lagoon pre­
dates this. Nobody knew how old it is, and it was not refurbished during the 
rebuilding. It has not been drained and desludged for at least 10 years as there is 
nowhere to divert the effluent to. The lagoon is essential for balancing so that the 
final effluent meets the 5 mg/l NH3-N consent. The works has about 100 percent 
infiltration in the sewerage. The screens do not work well, and as a result there was 
quite a lot of plastic and paper floating near the inlet to the lagoon.
2 x 1  litre samples were taken at points marked a and b
Outlet
X
Concrete weir
150m
a
Inlet
Croughton 17/1/96
This works serves approximately 1350 people. The 2 lagoons operate in parallel, and 
were very well kept. They are drained down alternate weeks and cleaned out. The 
only problems experienced recently was when several thousand tons of oil entered the 
system after a tank split on the nearby RAF base. Samples were taken at the points 
marked a - d.
12.8m
.12.8 m
Grass Bank
Concrete weirs
Inlet - F
Brentwood (Nags Head Lane) 18/1/96
The banks of the lagoon where quite overgrown with reeds, but the inlets and outlets 
were well maintained (see photographs). The lagoons are never drained down.
Baffles
Outlet
Valve
(shut)
13.2 mInlet
50.6 m *
a Inlet 1 
b Outlet 1 
c Inlet 2 
d Outlet 2
Stanford Rivers 18/1/96
The lagoons were very well maintained, although there was some floating scum in the 
comers and around the scum boards. The original engineering diagrams for the 
lagoons are kept at the site. Sample points are a - h.
- >
ô 6
A pump 
house?
"f” ;r - O l
82 m
m
Bicester 22/1/96
A new works has been built recently, and, once this is fully operational, it is planned 
to discontinue the use of the lagoon and turn it into a nature reserve. The lagoon was 
generally in good condition, with easy acess to the inlets and outlets. Samples were 
taken at the points marked a and b.
«-------------------------------------------95 m  ►
36 m
Scum boardCement blocks
outletmJ
Abingdon 22/1/96
Major problem of backflow from the ditch leading to the river. This causes flooding 
of the storm lagoon, so there is some mixing of the 2 lagoons. The final effluent 
lagoon only receives effluent from the old works. The new part of the works 
discharges directly to the river. The banks of the lagoon were very overgrown, and 
the inlet and outlet had quite a lot of debris in them. The baffles were very overgrown 
with reeds etc. Samples were taken at points a & b.
~ 150 m
« —    ►
-  70 m
baffles
Grass bank separating final effluent 
lagoon from storm lagoon outlet
inlet
Rye Meads 23/1/96
The 8 lagoons are run as two sets of 4 in parallel. In addition to the 8 final effluent 
lagoons (southern) there are also 3 much larger storm lagoons (northern). The first 4 
lagoons were drained and desludged about 3 years ago, but this is not part of a regular 
programme. The lagoons are essential for balancing to acheive the consent of 5 NH3- 
N, 10 BOD and 15 SS. All of these are going to be cut at the end of 1998. The 
lagoons are a SSSI. The banks were very overgrown, but contractors will be clearing 
them. The estimated retention time of passage through 1 set of 4 lagoons is 18 hours. 
The site serves a large area of Hertfordshire and a population of about 
350 000. Samples were taken at the initial inlet to lagoons 1 and 2, and at the outlets 
of each of the other lagoons.
Hampstead Norreys 24/1/96
These 2 small lagoons quite overgrown and some plastics and paper from the screens 
were floating around the edges. The inlets are situated underwater in the comers 
nearest the central bank between the 2 lagoons, and could be identified because of the 
white plume. The outlet of lagoon 2 was very overgrown. The flow from the lagoons 
was very sluggish, and the plastics and paper were entering the river.
STW
inlets
outlets ~ 10 m
Blunsden 24/1/96
The 2 lagoons were well maintained. There was a lot of duckweed on the surface, 
particularly on lagoon 2 which was nearly covered. Apparently they have been like 
this since last summer. Samples were taken at points a - d.
outlets
13 m16 m
weirs
16 m
Inlets
Dagnall 25/1/96
Only 1 lagoon is currently in use. The other lagoon was empty, and looked as if it had 
not been used for some time. The lagoon is approximately 0.6 m deep. Samples were 
taken at points a and b
Inlet
35.5 m
Outlet
Scum boards
m
Aylesbury 25/1/96
The lagoon and land treatment areas are used except when there are very high flows to 
the works. The banks of the lagoon are covered in reeds etc., but this is being 
managed to maintain possible nesting sites for wild ducks and other birds. Samples 
were taken at points a and b.
30 m
Outlet
Horley 29/1/96
The smallest of the 3 lagoons is not currently being used, but is still full. The other 2 
lagoons were reasonably well kept. It was not known when they were last cleaned 
out. Samples were taken at points a - d.
Inlets
115 m
30 m
Outlets
Holmwood 29/1/96
Lagoon 2 was being drained down at the time of the visit, so no samples were taken. 
Both lagoons have 3 rows of vertical brushes across them. Textile filters also used to 
be used after the last set of brushes, but these kept blocking and were difficult to clean 
so they were removed. Samples were taken at points a and b.
Outlets
Vertical brushesInlets
Iver South 30/1/96
These lagoons are actually used as storm lagoons, and are in a very bad condition. 
Iver North 30/1/96
Only part of the flow from the works passes through these lagoons. At the time of the 
visit, the lagoons were covered in pond weed, and the banks were very overgrown 
with reeds. There was quite a lot of plastic etc. from the screens. The outlet from 
lagoon 1 was completely overgrown, and it was only just possible to see that there 
was any flow. The value obtained for suspended solids in the sample taken here will 
be too high as it was impossible to take the sample without disturbing the sediment. 
Samples were taken at the points marked a - c.
Approximate position of 
outlet from lagoon 1
Thick reed 
growth along 
\  bank
70 m
TRTm Outletinlet
Basingstoke 31/1/96
The lagoons have recently been refurbished, and they only receive effluent from 1 
humus tank.
Inlet (vertical pipes 
away from the edge)
25 m
Q  Outlet
41 m
Godalming 31/1/96
The lagoon is quite overgrown, particularly near the inlet, where there is also a large 
amount of sludge, since the lagoon has not been cleaned for many years.
Outlet
Concrete weir
Inlet
150 m
53 m
Twelve Month Report
1. SUMMARY OF WORK
The work over the last year on the project has been covered in the paper for the EngD 
conference, so this forms the bulk of my report, and is attached in Appendix A. 
Sampling at the sites is continuing.
2. FUTURE WORK
• A method for the analysis of oxygen free radicals is to be assessed
• An assessment of flow weighted composite samples versus time weighted 
composite samples is to be carried out
• Development of an interaction matrix for the processes in tertiary lagoons
• Literature review of CFD models of lagoons
• Investigate chartership with Institution of Water and Environmental Management
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ENHANCING THE PATHOGEN REMOVAL PERFORMANCE OF 
TERTIARY TREATMENT LAGOONS
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ABSTRACT
Tertiary lagoons, a wastewater treatment process, utilise the physical and 
biochemical interactions that occur naturally in aquatic systems as a means of 
removing pathogenic organisms and other pollutants. A critical review of 
literature dealing with lagoon design, performance and removal mechanisms 
will be given. After analysis of pathogenic and chemical pollutants present in 
samples taken from lagoons at 19 Thames Water sites, 4 sites have been 
selected for detailed investigation of their performance. The monitoring will 
cover biological, physical and chemical parameters. Some preliminary results 
are presented.
1. INTRODUCTION
Hawkes (1983)(1) defined sewage treatment lagoons as:
“any natural, or more commonly, artificial lentic (i.e. standing) body of water 
in which organic wastewater (either crude sewage, settled, organic and 
oxidisable industrial effluents or oxidised sewage effluents) are treated by 
natural biological, biochemical and physical processes commonly referred to 
as ‘self-purification’ or ‘stabilisation’.”
Tertiary lagoons, or maturation ponds, are usually 1 to 1.5 m deep, and receive the 
effluent from either facultative lagoons or from conventional treatment processes. 
The primary function of tertiary lagoons in most parts of the world is the removal of 
pathogenic organisms, and the size and number of these lagoons will normally be 
determined by the required bacteriological quality of the final effluent. The treatment 
of wastewater in lagoons uses the physical and biochemical interactions that occur 
naturally in aquatic systems to remove pathogens, biochemical oxygen demand 
(BOD), ammonia, nitrates, suspended solids and phosphates. However, the 
mechanisms of removal are not well understood. It has also become obvious that the 
design criteria used for lagoons are not adequate, and this has lead to severe problems 
with performance.
Wastewater reuse is becoming increasingly important world-wide, and safe reuse, 
particularly in irrigation, is dependant on adequate pathogen removal. The WHO 
guidelines for wastewater reuse are 100 faecal coliforms per 100 ml. The low 
operation and maintenance costs of tertiary lagoons coupled with the high percentage 
pathogen removal reported in the literature(2,3) have made them a popular choice for 
wastewater treatment, particularly in developing countries, since there is little need for
specialised skills to operate or maintain them. Lagoon systems are also in use in 
Europe, the USA and Australia(4,5,6).
Plate 1. One of the lagoons at Holmwood Sewage Treatment Works in Surrey
In the UK there is currently no requirement for pathogen removal from the effluents 
of sewage treatment works, although a few sites in the Thames region do have tertiary 
lagoons. However, these were built to provide solids removal, although some 
pathogen removal does also occur. The size and number of lagoons in use has been 
determined by the amount of land available or the presence of disused gravel pits 
close to the sewage works rather than by using the conventional design equations. 
Thames Water’s main interest in this area of research is to support bids made abroad 
by Thames Water companies for projects where tertiary lagoons are the main process 
for disinfection. In the longer term, the EC Bathing Water Directive may be extended 
to cover rivers, in which case legal requirements for pathogen removal will be brought 
in in the UK, and the removal of pathogenic organisms will become a major issue for 
all sewage treatment works. The mandatory levels specified in the directive are 10 
000 total coliforms, 2000 faecal coliforms and zero salmonella and enteroviruses per 
100 ml.
The specific aims of this research are to understand the relationship between hydraulic 
residence time and pathogen, BOD, chemical oxygen demand (COD), suspended 
solids, metals and ammonia removal in tertiary treatment lagoons, and hence improve 
the hydraulic performance of lagoons. These aims will be achieved by carrying out 
long-term monitoring of the effluent quality of lagoons at four sites in the Thames 
region. The data from the monitoring programme will be used to produce a validated 
CFD model which will be an aid in improving the design of new lagoons and 
predicting the effect of any potential remedial measures in poorly performing existing 
lagoons.
2. REMOVAL MECHANISMS AND THE DESIGN OF TERTIARY 
TREATMENT LAGOONS
There is much debate in the literature on the mechanisms of bacterial removal, and 
there are conflicting results on the contribution of algal toxins(7’8,9,4), predation and 
starvation00,11,12’^ , temperature0514’1510’^  and retention time(17’5’4). These are therefore 
areas where much research is required. One of the most contentious areas under 
investigation is the effect of light, with some workers, such as Pearson et al(3) and 
Parhad and Rao(18) discounting it completely, while others, such as Curtis et al(19) and 
Moeller and Calkin(20) have concluded that it is the most important factor. However, 
the actual mechanism of bacterial removal by light is still to be elucidated. More 
work is needed to investigate the relationship between pH, dissolved oxygen 
concentration, light and lagoon depth. There is also the potential for conflict between 
the need for long retention times and shallow pond depths to ensure good bacterial 
removal, and the resulting increase in algal biomass leading to high concentrations of 
BOD and suspended solids in the effluent. The importance of light also raises 
questions about the suitability of lagoons in colder climates for providing pathogen 
removal.
Very little work has been carried out to investigate the actual mechanisms of virus 
removal in lagoons. Most workers agree that the association of viruses with solids in 
wastewater is one of the most important factors(21,22’23). Vasl and Kott(24) and Wellings 
et al(25) have reported 60 to 100 percent of viruses are adsorbed on to solids. 
Ammonia has also been reported to be a good virucide by Ward and Ashley(26). 
Chalpati Rao et al(27) thought it probable that other algal-bacterial virucidal activity 
that has not yet been elucidated will be taking place in lagoons. Work on the removal 
of intestinal parasites has been hampered by that problems associated with accurately 
determining the numbers of two of the groups of particular interest; Cryptosporidium 
spp. and Giardia spp(28).
The most widely used design equation was developed by Marais and Shaw(16), and is 
based on first-order bacterial removal kinetics in a completely mixed lagoon. 
However, it has been recognised by a number of workers that bacterial removal does 
not depend on temperature alone and is unlikely to be completely mixed, and a 
number of equations have been developed based on dispersed flow(29’30’31). These are 
all based on the equation below, developed by Wehner and Wilhelm(32), and use 
different models for the rate coefficient, k, which take into account a much greater 
number of factors which affect bacterial removal.
= ________4Niae(1/2‘,)________
(l + a)2e(‘,/M)- ( l - a ) 2e(-"/M)
All these models are difficult to use for design since the dispersion number, d, must be 
predicted, and Agunwamba et al(33) showed that the values found experimentally differ 
significantly from those determined from the predictive equations of Ferrara and 
Harleman(15), Polprasert and Bhattarai(34) and Arceivala(35). There is also no clear 
advice in the literature on the most suitable hydraulic flow pattern for tertiary lagoons, 
despite the importance of this factor to the performance of a system. Very little work 
has been carried out to determine the optimal lagoon geometry, which obviously will
have a major influence on the flow pattem(36,34). No definite design criteria have been 
proposed for building either plug flow or perfectly mixed lagoons.
It should be noted that the use of faecal coliforms and E. coli as indicators of faecal 
pollution needs to be reconsidered in the light of the results of work carried out by 
several workers(13,8,37,38). They found that E. coli and Vibrio cholerae survive 
differently under the same conditions; at high pH and high temperature, V. cholerae 
populations increased whereas E. coli populations decreased. E. coli have been 
shown by several authors not to be good indicators of viral or intestinal parasite 
pollution03'3^ .
There is obviously an enormous amount of work still to be carried out in order to 
elucidate the removal mechanisms in tertiary lagoons of both the biological and 
chemical parameters as well as establishing well validated design criteria, particularly 
for use in temperate regions.
3. INITIAL ASSESSMENT OF THE THAMES WATER LAGOONS
There has been only one paper published on lagoon systems in the UK(4), and most 
other studies of performance reported in the literature were carried out for only a 
limited period. This makes the data obtained of limited value as the effects of 
seasonal variations in temperature, rates of evaporation, the amount of rainfall and 
hours of sunlight will obviously have an important impact on the quality of the 
effluent from the lagoons. Studies that cover a full year are of particular importance 
in temperate and continental climates where extremes of temperature can be 
experienced. It was therefore decided to carry out a general assessment of the 21 
lagoon systems at Thames Water sewage treatment works in terms of their physical 
dimensions and the inlet/outlet orientation and a brief assessment of their 
performance.
A search for existing performance and design data revealed that there was very little 
information available within Thames Water for their tertiary lagoons. It was 
established that of the 21 sites with lagoons only 18 are currently operational. In 
general, the information that was found on the physical structures of the lagoons 
showed that no two lagoons are the same. This is due to the fact that all of the 
lagoons were built before privatisation took place, and were therefore built by 
individual local councils. There do not appear to be any design criteria still in 
existence for any of the lagoons, and thus it is impossible to know how the 
dimensions of the systems were determined. It is likely that, to some extent, these 
were based simply on the amount of land that was available on a site, or the presence 
of disused gravel pits. There were very few useful, up-to-date performance data for 
any of the sites.
3.1 Performance evaluation and site selection
From the site visits it was possible to gain a better understanding of the actual amount 
of usage and mode of operation of the lagoons, and their state of repair. These factors 
varied enormously from site to site. Some of the lagoons are drained down regularly 
and cleaned out, while others have not had the sludge removed for more than 10 years, 
have a dense reed growth in some areas and their banks overgrown with brambles.
The designs vary from a single lagoon of about 10 m by 5 m up to four lagoons of 82 
m by 20 m, and some are run in series while others are run in parallel. At each site, 
spot samples were taken at the inlets and outlets of the operational lagoons, and these 
were taken for analysis for BOD, suspended solids, ammonia, phosphate, and E. coli 
by the standard methods at the Thames Water laboratories.
Four sites were selected for a two year monitoring programme. These are Stanford 
Rivers and Nags Head Lane in Essex, Chesham in Buckinghamshire and Holmwood 
in Surrey. These sites were chosen partly based on the lagoon design and partly on 
the results of the spot samples. Each of the four sites has a different design and gave 
significantly different results from their spot samples. By selecting four sites it should 
be possible to develop a reasonably well validated CFD model of tertiary lagoons 
which will be generally applicable. Of the remaining 14 sites not to be investigated, 
lagoons at 2 sites are to be taken out of service whilst the remainder are too small 
and/or in too poor a state of repair to be used in the monitoring programme. The 
results for the four sites are given below.
Table 1 The results of the spot samples taken at four Thames Water lagoon sites
E. coli mg/1
Site Sam ple point C ount/100 ml B O D N H 3-N SS TP SRP
Stanford Rivers in i 83000 4 0.5 12 6.2 6.1
outl 8000 2.7 0.5 8.5 5.8 5.9
in3 3600 1.4 0.5 6.5 5.8 5.9
out3 200 1 0.5 5.5 6.6 5.6
in2 83000 4 0.5 12 6.2 6.1
out2 3600 2.4 0.6 7.5 7.2 6
in4 4100 1.8 0.6 6.5 6 6
out4 900 1.1 0.7 4.5 5.5 5.6
N ags Head Lane in i 83000 9.4 14.6 22.5 7.9 7.5
outl 13000 6.5 17.2 7.5 8 7.6
in2 101000 5.3 17.4 9.5 7.5 7.5
out2 101000 4.5 7.8 7.4
Chesham in 83000 2.6 0.4 16 5.4 5.1
out 70000 1.3 0.7 7.5 5.4 5.2
H olm w ood in 250000 7.4 2 9.5 6.2 5.5
out 130000 5.5 1.8 6.5 5.5 5.3
There are four lagoons at Stanford Rivers which are all made from concrete with 
neoprene lining and are approximately 82 m by 20 m and 1.2 m deep. They are 
operated as two sets of two lagoons in series. The 2 log reduction of E. coli in the 
final effluent from the lagoons was the highest removal seen in any of the lagoons 
surveyed. There was also a 75 percent decrease in BOD and 62 percent decrease in 
suspended solids. Nags Head Lane has two earth bank lagoons of approximately 51 
m by 13 m and 0.6 m deep which are operated in series. This site had the worst 
performance with respect to both E. coli and ammonia; a 1 log increase in E. coli and 
nearly a 25 percent increase in ammonia. Chesham has a single lagoon of 
approximately 150 m by 55 m. There was a slight decrease in the number of E. coli, 
but a 50 percent decrease in both BOD and suspended solids. At Holmwood there are 
two concrete lagoons of approximately 35 m by 24 m and 1.5 m deep. They contain 
three rows of vertical brushes which span the length of the lagoon. These were 
installed to improve solids removal, although the spot sample showed only a slight 
reduction. Unlike the other three sites, the flow passes across the width of the lagoons 
rather than down the length of them. During the spring, summer and autumn the 
lagoons are used alternately for three week periods while the other one is cleaned out. 
This is the only site with a regular cleaning sequence. There was a 50 percent 
reduction in the number of E. coli at this site, but the number of bacteria in the 
influent were at least ten times higher than at all other sites.
4. THE LONG-TERM MONITORING PROGRAMME
It has been proposed that sampling will be carried out for three days a week, spending 
one week a month on each site. 24 hour composite samples will be taken using Sigma 
900 autosamplers, and the samples collected each day and taken for analysis. The 
parameters which will be analysed for are:
• Total coliforms, E. coli and Enterococci (routinely), general enteroviruses, and 
Cryptosporidium and Giardia (occasionally)
• N 0 3, NH3, P 0 4, BOD, total suspended solids, chemical oxygen demand (COD), 
Pb, Cd, Cr, Zn, Ni and Cu (routinely), and total organic carbon, chlorophyll a and 
total nitrogen and phosphorus (occasionally)
• pH, temperature, dissolved oxygen and conductivity (routinely on site)
24 hour composite samples are to be used as it has been found that overall they give a 
more accurate picture of a site than spot samples since the composites effectively give 
an average of the concentration of parameters and thus reduce the impact of 
fluctuations from the mean. However, it is usually recommended that microbiological 
analysis of samples should be carried out within six hours of the sample being taken 
in order to avoid any significant growth or death of the organisms of interest^. 
When the sampling programme was designed, it was not known what the difference 
between the results of spot samples and 24 composite samples would be for total 
coliforms, E. coli and Enterococci. It was therefore decided that this should be 
investigated further before the monitoring of the four sites was started in order to 
determine whether or not the results of 24 hour composites could be used for the 
microbiological parameters.
4.1 Evaluation of 24 hour composite samples for the accuracy of their 
representation of microbiological parameters
4.1.1 method
Four tests were carried out at Holmwood Sewage Treatment Works. Spot samples 
were taken at the inlet and outlet to the lagoon between 12.30 and 13.00 at the same 
time as the 24 hour composite sample were collected. Fresh ice was placed around 
the sample bottles in the base of the autosampler each day to keep the samples cool. 
These samples were analysed for total coliforms, E. coli, Enterococci, BOD, 
ammonia, suspended solids and phosphate. The diurnal variation of faecal coliforms 
at the site was investigated by taking samples every hour from 9.00 until 16.00 and 
incubating them immediately in a Delagua portable water testing kit for 18 hours at 44 
°C on membrane lauryl sulphate broth. Faecal coliform colonies could be recognised 
on the membrane by their ability to produce a colour change from red to yellow in the 
culture medium, and the number of these colonies was recorded. An indication of the 
amount of deterioration in a sample when it was left in the autosampler during a 24 
hour sampling period was gained by programming the sampler to take a sample every 
6 hours. Each sample was then analysed separately for total coliforms, E. coli and 
Enterococci.
4.1.2 results
The chemical results show no significant difference between spot and composite 
samples for any of the parameters studied during this period. It can be seen from 
Appendix 1 that the levels are well within the consent limits (15 mg/1 BOD and 15
mg/1 for suspended solids) the inlet to the lagoons virtually all of the time. Removals 
of up to 60 percent were achieved for both BOD and suspended solids in the lagoon.
Table 2 shows the microbiological results obtained for both the spot and composite 
samples.
Table 2 Spot and 24 hour composite results for total coliforms, E. coli and 
Enterococci in the lagoon at Holmwood STW
Total Coliforms/100 ml Total Coliforms/100 ml
Sample Date Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 2800000 29000 130000 24000
10/07/96 290000 41000 270000 29000
11/07/96 270000 36000 340000 36000
15/07/96 240000 31000 56000 34000
E. co li/100 ml E. coli/100 ml
Sample date Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 89000 7000 56000 4600
10/07/96 190000 4000 60000 4000
11/07/96 11000 4000 10000 2000
15/07/96 40000 10000 6200 14000
Enterococci/100 ml Enterococci/100 ml
Sample Date Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 4100 120 1900 120
10/07/96 100 5 1200 7
11/07/96 500 9 31 4
15/07/96 2200 200 200 200
Results from the Delagua kit for one eight hour period are shown below.
Figure 1 Diurnal pattern of faecal coliform concentration at Holmwood STW
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The concentrations of faecal coliforms at the outlet appear to have been stable, while 
at the inlet, there was a maximum between 10 and 11 am. Table 3 shows the results 
for the samples taken at 6 hour intervals over 24 hours. The outlet sample at 4.15 am 
was missed because of very low flows through the lagoon.
Table 3 Numbers of total coliforms, E. coli and Enterococci in samples taken at 6
hour intervals over 24 hours
Total Coliforms/100 ml
Sample Time Inlet Outlet
1615,5/8 1200000 24000
2215, 5/8 78000 45000
0415, 6/8 83000 missed sample
1015, 6/8 89000 78000
E. co li/100 ml
Sample Time Inlet Outlet
1615,5/8 16000 4000
2215, 5/8 14000 6000
0415, 6/8 11000 missed sample
1015, 6/8 16000 25000
Enterococci/ 100ml
Sample Time Inlet Outlet 1
1615,5/8 60 10
2215, 5/8 10 10
0415, 6/8 40 missed sample
1015, 6/8 190 30
4.1,3 discussion
Overall, the results show that for both the spot and the composite samples there was 
more variability in the concentration of bacteria in the influent to the lagoon than in 
the effluent from the lagoon, where the concentration remained relatively constant. 
About 1 log bacterial removal has been achieved, but this is not sufficient to meet the 
standard for total coliforms or faecal coliforms set in the EC directive on bathing 
waters (10 000 total coliforms per 100 ml, 2000 faecal coliforms per 100 ml) or the 
WHO guidelines for wastewater reuse (100 faecal coliforms per 100 ml). The 
samples taken at six hour intervals show that the concentration of the bacteria at the 
inlet followed the same pattern as the results from the Delagua kit i.e. increasing to a 
maximum at around 10.00 am.
It is usually recommended that microbiological samples should be analysed within 
about 6 hours(40), and obviously, at the time when a 24 hour composite sample is 
analysed, the first sub-sample will be more than 24 hours old. However, the 
advantage of composite sampling is that a better overall picture of the works can be 
gained than with spot sampling, which gives only a “snap shot” of the moment at 
which the sample was taken. The concentrations of the bacteria entering the lagoon 
appear to follow a pattern, and it would be preferable to reflect this in the sampling 
regime. Taking many spot samples everyday would not be practical as this site, and 
the other sites under investigation, are geographically distant from the laboratories. If
the samples are not received by late morning, it is not always possible to start the 
analysis until the following day. This will negate any advantage gained from taking 
spot samples. On-site analysis of the samples using the Delagua kit is only possible 
for faecal coliforms.
Work by Toms et al(4) showed that the dark values of T9Q (time for 90 percent die-off 
in the dark) for E. coli ranged between 131 and 225 hours and for Enterococci 
between 73 and 112 hours. This suggests that only a small percentage of the bacteria 
in even the oldest sample in a 24 composite will have died since the samples are 
stored in the base of the autosampler in the dark and cooled with ice. Since the outlet 
concentrations of the bacteria are not significantly different for the spot and composite 
samples and the pattern and number of bacteria in the diurnal and 6 hour samples are 
very similar, it was decided that composite samples could be used in the long-term 
monitoring programme. More work will be carried out to confirm this decision, to 
investigate further the diurnal pattern of faecal coliform, total coliform, E. coli and 
Enterococci concentrations through the lagoon and to expand the work to other sites.
4.1.4 conclusions
• Bacterial removal as high as 99 percent was achieved during this sampling period. 
However, the levels of total coliforms were not low enough to comply with the EC 
directive on bathing waters or the WHO guidelines for wastewater reuse.
• BOD and suspended solids removal as high as 60 percent was achieved during this 
sampling period.
• From the results of the four tests and the work of Toms et al(4) it is thought that 24 
composite samples can be used for all parameters in the long-term monitoring 
programme, but further work is needed to confirm this.
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24 hour Composites
Sample Date Sample Point BOD Ammonia Suspended solids SRP
8/7/96 Inlet 4.2 0.6 11.0 8.7
8/7/96 Outlet 2.4 0.8 2.0 8.7
9/7/96 Inlet 3.7 0.5 6.0 8.9
9/7/96 Outlet 6.0
10/7/96 Inlet 4.5 0.5 7.5 9.2
10/7/96 Outlet 2.6 0.4 3.5
11/7/96 Inlet 4.3 0.6 2.0 9.5
11/7/96 Outlet 2.8 0.5 5.0 9.2
15/7/96 Inlet 3.4 0.4 5.5
15/7/96 Outlet 2.6 0.3 4.0 11.3
16/7/96 Inlet 5.6 0.7 5.5 11.2
16/7/96 Outlet 4.0 0.4 3.5 11.1
Spot samples
Sample Date Sample Point BOD Ammonia Suspended solids SRP
9/7/96 Inlet 4.8 0.6 15.0 9.1
9/7/96 Outlet 15.1 0.4 3.0 8.7
10/7/96 Inlet 6.1 0.5 8.5 9.3
10/7/96 Outlet 2.7 0.4 3.5 9.1
11/7/96 Inlet 4.6 0.6 6.0 9.5
11/7/96 Outlet 3.9 0.5 3.5 9.5
15/7/96 Inlet 4.4 0.4 6.5 9.8
15/7/96 Outlet 2.2 0.3 2.5 10.9
16/7/96 Inlet 6.9 0.5 9.5 11.4
16/7/96 Outlet 4.2 0.5 2.0
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Enhancing the Pathogen Removal Performance of Tertiary Lagoons
1. The Aims of the Project
• To understand the relationship between hydraulic residence time and chemical and biological 
removal performance in tertiary lagoons
• To validate a CFD model from long-term monitoring data to aid in improving design and trouble 
shooting
A gantt chart showing the schedule of work necessary to achieve these aims is given in Appendix 1.
2. Objectives for 1997
a. Continue routine sampling programme.
b. Carry out tracer studies to determine the actual retention time and hydraulic characteristics of 
the lagoons at Holmwood, Basingstoke and Chesham STW. Preliminary studies using NaCl 
will be carried out, with monitoring using a conductivity meter, to determine an approximate 
retention time and therefore the necessary sampling regime for the next phase. A more 
detailed study will then be carried out using LiCl. The tracer studies will be carried out in 
both the winter months and the summer months, and, ideally, under dry weather and storm 
conditions.
c. Complete detailed literature review on CFD modelling of tertiary lagoons.
d. Carry out pH, temperature, conductivity, dissolved oxygen and light intensity profiling of the 
lagoons at Holmwood STW. The practical details of this study are still to be determined.
e. Write a literature review paper, possibly for publication in Water Research.
f. Write a paper for JIWEM on the potential use of tertiary lagoons to reach compliance with 
possible changes to the EC Bathing Water Directive.
2
3. Progress to Date and Future Work
a. Sampling Programme
This has now been continuing for 10 months. The programme has been modified slightly for 
practical reasons in order to maximise the amount of data generated for a CFD model. It was 
originally planned to sample at four sites; Holmwood, Chesham, Stanford Rivers and Nags Head 
Lane. It was decided that the two sites in Essex, Stanford Rivers and Nags Head Lane were too 
great a distance away from the site in Reading where the samples are analysed. Too much time 
would be spent driving to and from the sites which could be used more productively on other tasks. 
The lagoons at Basingstoke STW were therefore selected as an alternative. Since these lagoons are 
to be taken out of service later this year, it was decided to concentrate the sampling on Holmwood 
and Basingstoke. 24 hour composite samples are collected four days a week, spending two weeks a 
month on each site. For details of the sampling programme and the layout of the lagoons, please 
refer to the six and twelve month reports for this project.
The results obtained so far are given in Appendix 2. It is difficult to gain any particular insights 
into the mechanisms at work in the lagoons from these results. If only measurements from the inlet 
and outlet are used, the lagoon itself is being treated as if it were a “black box”. It is hoped that by 
integrating the results from the tracer studies and the profiling of the lagoon a greater understanding 
of the mechanisms within the system can be gained.
Problems were experienced during November, December and January with the autosamplers, but 
these have now been resolved.
Some general points can be made about the results. At Holmwood:
• The average percentage removal for total coliform and Enterococci has reduced during winter, 
but the average for E. coli removal has increased. The difference in the result for E. coli is 
thought to be due to the particular temperature sensitivity of these organisms.
• The average percentage removal for BOD, COD, and ammonia has reduced during the winter, 
but has increased for suspended solids. This may be due to the increase in the concentration of 
suspended solids entering the lagoons during the winter, caused by storms and sloughing of the 
biofilm from the biological filters.
At Basingstoke:
» Up to 99.7 % removal of total coliforms, 88% removal of E. coli and 80 % removal of
Enterococci, but also some increases in all of the organisms through the lagoons. This may be 
due to effluent entering the lagoon via a different route when the microstrainers on the site were 
being by-passed during construction work.
• 50-70  percent removal of BOD, COD and suspended solids.
• Some removal of ammonia, nitrate, nitrite, total nitrogen and phosphate. An increase in the 
concentration was also seen for ammonia and nitrite, but the levels are so low
(< 1) that this is not significant.
3
b. Tracer Studies
In order to carry out these studies it is necessary to know the flow rate to the lagoon and the volume 
of the lagoon. At Holmwood STW there is no position where the flow rate to the lagoons can be 
measured. The flow measurement devise on the inlet to the works is not functioning. An initial 
study using a Ranger ultrasonic sensor placed in the flume at the inlet to the works showed that 
because the pump is so powerful, when it switches on every 15 minutes the flow rate is massively 
distorted. A graph showing the results is given in Appendix 3. The pattern of flow will be 
smoothed after passage through the biological filters as these have a buffering effect. It is therefore 
necessary to measure the flow rate just before it enters the lagoons. Since there is no suitable 
position for measuring the flow conventionally, an alternative method must be adopted. One of the 
lagoons can be drained and the Ranger placed on one of the sets of vertical brushes that are 
suspended in the lagoon. When the flow has been restored, as the lagoon fills up the sensor will 
measure the depth every 10 seconds. A reasonably accurate pattern of flow can be calculated from 
these results.
Only one set of results have so far been obtained, and these have not been fully analysed. It has 
been difficult to get the lagoons drained down due to the heavy rainfall during February and the 
beginning of March and a change of management at the site.
Flow data is being obtained for the lagoons at Basingstoke and Chesham from fixed flow 
measurement devices at each of these sites.
c. Review of the Literature on CFD Modelling of Tertiary Lagoons
This is continuing and should be completed for inclusion in the 24 month dissertation.
d. Profiling of the Lagoons
The initial study will be taking place during the summer months of this year (1997), and it is hoped 
that it will be possible to repeat it during the summer of 1988. An MSc. student will be providing 
assistance for this study as the work will be very intensive in order to complete a comprehensive 
profile of a lagoon during a single day.
The profiling will involve measuring the pH, temperature, conductivity, dissolved oxygen 
concentration and light intensity at 10 cm depths down through the lagoon, and at intervals of 50 
cm along the length and breadth of the lagoon. Samples will also be taken for analysis at each 
depth. In order to carry out this work, a boat has been obtained, but a safety course must be 
attended before being permitted to start the study.
4
e. Literature Review Paper for Water Research
This paper has now been written, and is being checked by managers within Thames Water. The 
editor of the journal has been approached, and has asked for an abstract to be submitted initially for 
assessment. A copy of the paper will be submitted to the EngD portfolio separately when the final 
version is completed.
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Twenty-four Month Report
E xecutive Sum m ary
The aim of this project is to explore the relationship between hydraulic residence time and 
pathogen removal in tertiary. Specific biological, chemical and physical parameters are being 
monitored at three lagoon sites in order to achieve this goal. The results of the first two years 
of the project are discussed. No previous detailed studies of this type on tertiary lagoons have 
been carried out in Europe, where performance data, hydraulic information and profiling 
results have bee integrated into a CFD model. A greater understanding of the operation of 
tertiary lagoons in temperate climates is needed, as all the design information was developed 
for systems operating in tropical climates. The rising demand for the removal of micro­
organisms from sewage effluent means that low cost methods of tertiary treatment will 
become increasingly important. This project is obviously environmental technology, as the 
main aim is to improve the effluent quality discharged from sewage treatment works. Details 
of the core competencies are given in Appendix 1.
An initial study comparing spot samples and composite samples found that 24-hour 
composite samples did not give significantly different results for either the chemical or the 
biological determinands. Long-term monitoring has therefore been carried out by collecting 
24-hour composite samples using auto-samplers at the inlet and outlet of tertiary lagoons at 
two sites four days a week, spending two Weeks at each site in turn. Each sample was 
analysed for E. coli, Enterococci, total coliforms, biological oxygen demand (BOD), 
chemical oxygen demand (COD), suspended solids, ammoniacal nitrogen, nitrite, nitrate, 
total oxidised nitrogen, phosphate, chromium, copper, lead, nickel, zinc and cadmium. 
Occasional samples were analysed for Giardia, Cryptosporidium and enteroviruses. Sodium 
chloride (NaCl) was initially used in tracer studies, and the change in conductivity monitored 
in order to gain some understanding of the quantities of the preferred tracer, sodium fluoride 
(NaF), which should be used as this substance is toxic at high concentrations. More detailed 
tracer studies were then performed using NaF and monitoring fluoride concentration with an 
ion-selective electrode. Profiling of a lagoon at one site has also been carried out. The 
temperature, pH, dissolved oxygen concentration, conductivity and radiance of light at 
wavelengths between 350 nm and 1100 nm were recorded for four depths at sixteen sampling 
points. Samples were also taken at the top and bottom of the lagoon and analysed for E. coli, 
Enterococci and total coliforms. Some statistical analysis of the results have been carried out, 
and initial work on CFD modelling has been started.
Results of the routine monitoring at the two sites monitored so far indicate that there is a large 
amount of variability in the performance of the lagoons over the sampling period. Each 
parameter shows a distinct seasonal trend, and these trends were analysed using cusum charts 
and paired t-tests. Only ammoniacal nitrogen, COD and phosphate were not significantly 
affected by processes operating in the lagoon at Holmwood. At Basingstoke only total 
coliforms, COD, BOD and suspended solids were significantly affected by processes in the 
lagoon. The tracer studies found that the actual retention time of the lagoon at Holmwood is 
26 hours and the dispersion number is 0.156. These findings agreed with the results of the 
profiling study, which showed the increases in dissolved oxygen with depth were too great to 
be explained by the temperature difference between the surface layers and the bottom of the 
lagoon. This suggests that the colder, oxygen-rich, influent is short-circuiting along the 
bottom of the lagoons.
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1. Introduction
Wastewater treatment has two fundamental aims:
1. to reduce the concentration of pollutants before discharge to a level at which they will not 
cause harm to human populations who use the receiving river or stream for drinking water, 
agriculture or aqua-culture.
2. to reduce the concentration of pollutants to a level where the water can be released into the 
environment without causing damage.
The largest threat to human health from wastewater comes from the pathogenic organisms 
present. There are many bacterial, viral and parasitic intestinal pathogens which may be 
present in water if there is faecal pollution. Bacterial pathogens occur worldwide, and those 
known to be present in contaminated drinking water include strains of Shigella, 
enterotoxigenic Escherichia coli. Vibrio cholerae. Salmonella typhii. Yersinia enterocolitica 
and Campylobacter fetus. These can cause diseases ranging from mild gastroenteritis to 
severe, and sometimes fatal dysentery, cholera or typhoid (WHO, 1984).
Conventional treatment methods are very inefficient at removing pathogenic organisms, 
whereas tertiary lagoons can produce effluents with significantly lower numbers of 
pathogens. Feachem et a l (1983) published a general comparison between lagoons and 
conventional treatment processes, and this is illustrated in Table 1 :
i
Table 1. The removal of excreted pathogens achieved by lagoons and conventional treatment
processes
Excreted Pathogen Removal in Lagoons Removal in Conventional 
Treatment
Bacteria up to 99.9999 % 90 - 99 %
Viruses up to 99.99 % 90 - 99 %
Protozoan Cysts 100 % 90 - 99 %
Helminth Eggs 100 % 90 - 99 %
1
During this century, lagoons, or waste stabilisation ponds, have been widely used for primary, 
secondary and tertiary treatment, although they have been common in Asia for hundreds of 
years. There are now many thousands of systems around the world. In the US alone, the 
EPA (1983) reported that there were around 7000 lagoons in operation. Gloyna (1971) 
reported that 39 countries, from the polar regions to the equator, were using lagoons to treat 
the wastewater from communities ranging from less than 1000 to more than 100 000 people.
The treatment of wastewater in lagoons exploit the physical and biochemical interactions that 
occur naturally in aquatic systems to remove pathogens, biochemical oxygen demand (BOD), 
ammonia, nitrates, suspended solids and phosphates. Mara and Pearson (1987) defined 
lagoons as:
“large, shallow, usually rectangular basins in which there is a continuous 
inflow and outflow of wastewater. The biological treatment that occurs in 
ponds is an entirely natural process achieved principally by bacteria and 
microalgae, and one that is unaided by man who merely allocates sufficient 
space for them to occur in a controlled manner.”
The advantages of using lagoons for wastewater treatment are mainly a result of their 
simplicity of design and operation. The main activity in the construction of a lagoon is earth- 
moving, and the initial capital investment is low. Several authors have concluded that 
lagoons are significantly less expensive than both conventional and some less conventional 
treatment methods (Oswald, 1995; Arthur, 1983; Shelef, 1976, Gloyna, 1971). The operation 
and maintenance of lagoons is also simple. The flow scheme is straightforward, so the 
energy costs are low, and no expensive, complex equipment is needed. The routine 
maintenance basically involves cutting the grass on the embankments, keeping the inlets and 
outlets clear and repairing any damage to the embankments (Mara et a l, 1992). These tasks 
do not require skilled workers. Lagoons are also a very robust method of treatment as their 
long hydraulic retention time means they can deal with both hydraulic and pollutant shock 
loads. They can be used to treat a wide range of industrial and agricultural wastes, as well as 
ordinary sewage. Oswald (1995) also promotes the use of sewage treatment lagoons for the 
production of algae which can be used in pisciculture or as animal feed.
2
There are three types of lagoon: anaerobic, facultative and aerobic or maturation or tertiary. 
This report is only concerned with the treatment of wastewater in tertiary, or maturation 
lagoons.
The primaiy function of tertiary lagoons in most parts of the world is the removal of 
pathogenic organisms. Tertiary lagoons are usually 1 to 1.5 m deep, and they receive the 
effluent from either facultative lagoons or from conventional treatment processes. The size 
and number of these lagoons will normally be determined by the required bacteriological 
quality of the final effluent. However, in the region covered by Thames Water, tertiary 
lagoons were specifically installed to remove suspended solids, as recommended by IWEM 
(1994), since in the UK there is currently no legal requirement for pathogen removal except 
in bathing waters. The size and number of lagoons in use has been determined by the amount 
of land available, or the presence of disused gravel pits close to the sewage works.
Thames Water Research and Technology have become interested in investigating the design 
and performance of tertiary lagoons. The EC Bathing Water Directive, which at present 
covers some coastal waters, could be extended to include some inland recreational waters, in 
which case regulatory requirements for pathogen removal will be brought in in the UK.
It should be noted that since it is not practical or economically possible to test all effluent 
samples for all pathogens from sewage, the presence of certain micro-organisms in a sample 
is routinely considered to be a viable indicator of faecal pollution. The most widely accepted 
indicator organisms are thermotolerant, or faecal coliforms, and more specifically E. coli. 
Some strains of E. coli are pathogenic, but most monitoring programmes will only identify 
the presence or absence of the whole species.
Most of the work on pathogen removal in lagoons has concentrated on the removal of 
bacterial indicator organisms as they can be rapidly and reliably identified and enumerated, 
but there has been very little work to investigate whether these results will be the same for 
pathogenic organisms such as viruses and intestinal parasites. Work carried out by Mezrioui 
et ah. (1995a, 1994) and Lesne et al. (1991) found that Vibrio cholerae and E. coli survive 
differently under the same conditions. Mezrioui et al. found that during the summer months 
when there were high temperatures and a lot of algal activity, resulting in high pH, V. 
cholerae populations actually increased, whereas E. coli populations decreased. In untreated
3
wastewater, the survival of V. cholerae was almost exclusively correlated to temperature. 
Roberts et a l (1984) found that the number of V. cholerae increased as a function of 
temperature, and in treated wastewater, the correlation between V. cholerae and pH increased 
significantly. Nair et a l (1988), Colwell (1986) and Huq et a l (1984) showed that alkaline 
pH in estuary waters enhanced the survival of V. cholerae. Mezrioui et a l (1995) also found 
that sunlight had a much greater effect on E. coli survival than on V. cholerae. The contrast 
in the behaviour of the organisms could be due to a difference in their reaction to sunlight. 
Curtis et a l (1992) suggested that the damage to the cytoplasmic membranes of bacteria 
caused by sunlight could make the organisms more sensitive to the effects of other factors 
such as high pH. Since V. cholerae actually survive better at high pH, the organisms may 
therefore be less sensitive to sunlight. Overall, the results of the work by Mezrioui et al 
(1995, 1994) show that a great deal of caution needs to be used when assessing the health 
risks of wastewater based on information on faecal pollution indicators alone.
The specific aims of the project are to understand the relationship between hydraulic 
residence time and pathogen removal in tertiary treatment lagoons, and hence to improve the 
hydraulic performance of lagoons. These aims will be achieved by carrying out long-term 
monitoring of the effluent quality of lagoons at four sites in the Thames region. The data 
from the monitoring of the lagoons will be used to produce a validated CFD model which can 
be used to improve the design of new lagoons and predict the effect of any potential remedial 
measures in poorly performing existing lagoons. This report discusses the results of the first 
two years of the project, between October 1995 and July 1997.
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2. Methodology
2.1 Literature review
A comprehensive review of the literature was carried out using the Bath Information Data 
Service (BIDS) database and Aqualine, a database produced by the Water Research Centre. 
The full review is held in my portfolio.
2.2 Site selection
A search for existing performance and design data within Thames Water revealed that there 
was very little information available on their tertiary lagoons. It was established that there are 
21 sites with lagoons, but of these only 18 are currently operational. In general, the 
information that was found on the physical structures of the lagoons showed that there is a 
very wide variety of designs in existence. This is due to the fact that all of the lagoons were 
built before privatisation took place, and were therefore built by individual local councils. 
There do not appear to be any design criteria still in existence for any of the lagoons, and thus 
it is impossible to know how the dimensions of the systems were determined. It is likely that, 
to some extent, these were based simply on the amount of land that was available on a site, or 
the presence of disused gravel pits. There were very few useful, up to date performance data 
for any of the sites.
From site visits it was possible to gain a better understanding of the usage and mode of 
operation of the lagoons, and their state of repair. These factors varied enormously from site 
to site. Some of the lagoons are drained down regularly and cleaned out, while others have 
not had the sludge removed for more than 10 years, have a dense reed growth in some areas, 
and their banks overgrown with brambles. The designs vary from a single lagoon of 
approximately 10 m by 5 m up to four lagoons of 82 m by 20 m, and some are run in series 
while others are run in parallel. At each site, spot samples were taken at the inlets and outlets 
of the operational lagoons, and these were analysed for BOD, suspended solids, ammonia, 
phosphate, and E. coli using the standard methods adopted by Thames Water laboratories (see 
section 3.3). The results of these analyses are given in the six month report for this project 
(March 1996).
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Three sites were selected for a two year monitoring programme based on the results of the 
site surveys. The sites chosen are Basingstoke in Hampshire, Chesham in Buckinghamshire 
and Holmwood in Surrey. These sites were chosen based on their different lagoon design and 
the correspondingly different results of the spot samples. Each of the three locations has a 
different design and gave significantly different results from their spot samples. By selecting 
three different lagoon sites it should be possible to develop a reasonably well validated CFD 
model which could be generally applicable. Of the remaining 14 sites not to be investigated, 
lagoons at two sites are to be taken out of service whilst the remainder are too small and/or in 
too poor a state of repair to be used in the monitoring programme.
2.2.1 Holmwood STW
Holmwood STW is approximately 30 miles south of London, and receives domestic 
wastewater only, serving a population equivalent of approximately 2000. Secondary 
treatment is provided by three trickling filters. There are two identical tertiary lagoons of 39 
m by 28 m, which operate alternately during the summer while one is being cleaned, and in 
parallel during the winter months. They are concrete lined, and contain three rows of vertical 
brushes across the width of the lagoons which were installed to enhance suspended solids 
removal.
Figure 1 shows the configuration of the inlets and outlets. The lagoons receive the effluent 
from two humus tanks via a buried channel which distributes the wastewater between the 
eight inlets by gravity feed. Each lagoon is drained and cleaned every four to five weeks.
Outlets
28m
39 m
Inlets Vertical
brushes
Figure 1. Tertiary lagoons at Holmwood STW
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2.2.2 Basingstoke STW
Basingstoke is approximately 45 miles south-west of London, and receives domestic and 
industrial wastewater. The population equivalent is approximately 93 600, and secondary 
treatment is by activated sludge. There are three tertiary lagoons of approximately 25 m by 
41 m, with earth walls, but the depth is unknown. The lagoons were refurbished during 1995, 
and Figure 2 shows their layout. The lagoons receive the effluent from a single final 
settlement tank via buried pipes. Micro strainers provide tertiary treatment for the remainder 
of the effluent from the site.
OQŒ
Inlet (vertical pipes 
away from the edge)
25 m
Outlet
*4-
41 m
Figure 2. Tertiary lagoons at Basingstoke STW
2.2.3 Chesham STW
Chesham STW is approximately 25 miles north-west of London, and receives domestic 
wastewater only. The population equivalent is approximately 30 000, and secondary 
treatment is provided by oxidation ditches. There is continuous flow monitoring, using a 
Warren Jones flow meter on the final outlet channel from the lagoon. There is a single 
tertiary lagoon of approximately 150 m by 55 m, with an unknown depth. It has earth walls,
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and there is no record of the lagoon ever having been drained and de-sludged. The lagoon 
receives the effluent from 1 final settlement tank via a buried pipe, which provides a single 
inlet. Effluent from the lagoon spills over concrete weir across the width of the lagoon into a 
channel, which flows off the site. Figure 3 shows the layout of the lagoon.
Out
55 m
Effluent channel
Concrete weir
150 m
Inlet
Figure 3. Tertiary lagoon at Chesham STW 
2.3 Evaluation of the sampling regime
During the designing of the sampling programme, it was not known what the difference 
between the results of spot samples and 24 composite samples would be for total coliforms, 
E. coli and Enterococci. The decision was made for further investigation before the start of 
monitoring at the three sites in order to determine whether the results of 24-hour composites 
could be used for the determination of the microbiological parameters. 24-hour composite 
samples are normally used for monitoring chemical parameters since they generally give a 
more accurate picture than spot samples. Composites effectively provide an average of the 
concentration of parameters and thus reduce the impact of fluctuations from the mean. 
However, it is usually recommended that microbiological analysis of samples should be 
carried out within six hours of the sample being taken in order to avoid any significant 
growth or death of the organisms of interest.
Four tests were therefore carried out at Holmwood Sewage Treatment Works. Spot samples 
were taken at the inlet and outlet to the lagoon between 12.30 and 13.00 at the same time as
the 24-hour composite sample were collected. Fresh ice was placed around the sample 
bottles in the base of the autosampler each day to keep the samples cool. These samples were 
analysed for total coliforms, E. coli, Enterococci, BOD, ammonia, suspended solids and 
phosphate. The diurnal variation of faecal coliforms at the site was investigated by taking 
samples every hour from 9.00 until 16.00 and incubating them immediately in a Delagua 
portable water testing kit for 18 hours at 44 °C on membrane lauryl sulphate broth. Faecal 
coliform colonies could be recognised on the membrane by their ability to produce a colour 
change from red to yellow in the culture medium. The number of these colonies was then 
recorded. An indication of the amount of deterioration in a sample when it was left in the 
autosampler during a 24-hour sampling period was gained by programming the sampler to 
take a sample every 6 hours. Each sample was then analysed separately for total coliforms, E. 
coli and Enterococci.
2.4 Routine monitoring
Initially, sampling was carried out only at Holmwood and Basingstoke in order to maximise 
the amount of data from Basingstoke before the lagoons were taken out of service in May 
1997. Sampling has been carried out at Holmwood since July 1996, and at Basingstoke 
between November 1996 and May 1997. Samples were collected four days a week, spending 
two weeks a month at each site. 24-hour composite samples were taken using a Sigma 900 
autosampler from the inlet and the outlet for the lagoons. Every sample was analysed for E. 
coli, Enterococci, total coliforms, ammoniacal nitrogen, nitrite, nitrate, total oxidised 
nitrogen, phosphate, chromium, copper, lead, nickel, zinc and cadmium, biological oxygen 
demand (BOD), chemical oxygen demand (COD) and suspended solids. Occasional samples 
were analysed for Cryptosporidium and Giardia.
The analysis for E. coli, Enterococci, and total coliforms were carried out within four hours 
of the samples being collected. “Colilert” was used to determine the number of E. coli and 
total coliforms present in a sample. This test, based on an is an enzyme detection method, 
causes the formation of a yellow colour in the presence of coliforms, and which then 
fluoresces if E. coli are present. “Enterolert” was used to determine the number of 
Enterococci, and is based on a similar mechanism. Cryptosporidium and Giardia were 
analysed for by the standard method (SCA, 1989). This method is based on a fluorescent 
linked monoclonal test, using a monoclonal reagent marketed by Cell Lab (Bradsure 
Biologicals). Enteroviruses were analysed for by mixing a concentrate of the original sample
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with a cell suspension in agar medium containing neutral red vital stain and incubated in the 
dark in an atmosphere of 5 percent v/v C 02 in air. Viral plaques were then counted and could 
be subcultured for confirmation and identification.
The American Monitor AQUA 800 Analyser was used to determine the concentrations of 
ammoniacal nitrogen, nitrite, total oxidised nitrogen and phosphate. This is an automated 
analyser designed for the quantitative measurement of analytes in water. The nitrate 
concentration was calculated from the difference between the concentrations of total oxidised 
nitrogen and nitrite. The method for determining the BOD was based on the method 
described in the Standard Methods (SCA, 1988), and suspended solids following Standard 
Methods (SCA, 1980). The COD of a sample was determined from a method based on a one 
tenth scaled-down sealed tube version of the German Standard Methods (1980). The metals 
were analysed for using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP- 
OES) as described in the standard method (APHA, 1992).
2.5 Flow measurement
The flow to the lagoons could not be measured directly as there is no exposed pipework or 
channel where a flow measurement device could be placed. Flow measurements were 
therefore taken at Holmwood STW at the inlet works and at the weir where effluent from the 
trickling filters entered the channel to the humus tanks using Ranger ultrasonic sensors. The 
results were compared to see if there was significant change in the flow pattern through the 
sewage treatment works.
2.6 Tracer studies
A preliminary tracer study was carried out at Holmwood STW using sodium chloride (NaCl) 
in order to determine the approximate retention time and mixing characteristics and thus plan 
a more detailed tracer study. The background conductivity was logged for 48 hours prior to 
the test to identify any diurnal pattern. 75 kg salt was dissolved in approximately 150 1 of 
water and then added to the inlet chamber to the lagoons. Conductivity was monitored at the 
inlet and outlet of the lagoon using WTW conductivity meters, and logged using Grant 
Squirrel loggers.
More detailed tracer studies were carried out using sodium fluoride (NaF). Lithium chloride 
(LiCl), which is widely employed as a tracer, was not used in this case as it is necessary to
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take large numbers of samples, which can introduce a large number of errors. NaF has the 
advantage over NaCl as it is less affected by fluctuations in rainfall. Fluoride can be 
continuously monitored using an ion selective electrode and thus a response curve can be 
obtained directly, and thus eliminates the errors introduced by sampling. A larger amount of 
data can be obtained, and this will also increase the accuracy of the results.
NaF is toxic to aquatic life at concentrations greater than approximately 3 mg/1, therefore it 
was decided to start with the addition of the smallest possible concentration of the tracer as 
the hydraulic regime was not known, then increase the concentration if no clear results were 
obtained. 10 kg of 3.5 percent w/w NaF, supplied by Leverton-Clarke Ltd, were initially 
added to the inlet flow to the lagoons after the background fluoride concentration had been 
logged for 24-hours. The probe used was a Direction fluoride electrode, attached to a Grant 
Squirrel Logger. This gave a clear profile but the peak concentration was only 0.1 mg/1, and 
so the test was repeated using 25 kg of the NaF. This pulse of tracer was added at 15:15 on 
13 August 1997. Before each of these tracer studies, the background fluoride concentration 
was logged for 24 hours.
2.7 Lagoon profiling
This work was carried out during August 1997. For the profiling, one of the lagoons at 
Holmwood STW was divided into a grid of 16 sampling points i.e. four sampling points in 
four lanes across the width of the lagoon. The sampling points were 5, 15, 23 and 35 m 
across the lagoon. Lane 1 was closest to the inlets, and lane 4 was closest to the outlets The 
measurements were taken at four 20 cm intervals vertically down through the lagoon at each 
sample point. Measurements were taken of the pH value, dissolved oxygen concentration 
(DO), temperature, conductivity and the radiance of wavelengths of light between 350 and 
1100 nm at each sample point. The pH value and temperature were measured using a WTW 
197-S combined pH/redox meter. Dissolved oxygen concentration was measured using a 
WTW Oxi 323-B dissolved oxygen meter, and conductivity was measured using a WTW LF 
323-B conductivity meter. Light absorbance was measured using a GER 1500 
spectroradiometer. Samples were also collected at the top and the bottom of the lagoon, and 
analysed for E. coli, Enterococci, and total coliforms using the methods described in section 
3.3. Figure 4 shows the sampling positions.
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Sampling points
Lane 3
Sampling lanes
Lane 1
Vertical brushes
Inlets
Figure 4. Sampling points and the sampling lanes used in the profiling of a lagoon at
Holmwood STW
A potential problem with the data from the first profiling test is that the measurements in each 
row of four sampling points took approximately 50 minutes to complete, and therefore the 
parameters, particularly temperature, changed significantly between the first lane and the last 
lane. When the second test was carried out, the temperature of the first lane was re-measured 
once the full profile had been completed in order to establish the amount of change over the 
sampling period.
2.8 Data analysis
The results of the routine sampling were analysed for trends in the data using cusum charts
and paired t-tests, as well as the percentage removals. A cusum chart shows the cumulative
variation from the sample mean for a data set, and highlights any seasonal trends. The points 
on the chart are calculated from the data set using equation 1 :
S r =  Z w ( X- ' _ J )  O )
Where Sr = the cusum score of the rth value
%. = the ith observation or result
x  = the mean of the observations
An upward, or positive slope indicates that, on average, the values observed were greater than 
the mean of the data set and therefore the cumulative observations tended to increase 
continuously. When there is a downward, or negative slope, this indicates that, on average,
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the observations were below the mean, and the cumulative observations therefore tended to 
decline continuously.
A paired t-test enables comparisons to be made between matched pairs of data points, in this 
case, the inlet and the outlet result for a particular day. This means that the comparisons are 
being made within a day, thus removing day to day variability. For the latter analysis to be 
performed, the data acquired on any day, when either the inlet or the outlet samples were not 
analysed, had to be excluded.
The dispersion number I —  ] of the lagoon at Holmwood was calculated from the results of
\uLJ
the tracer study using the method described by Levenspiel (1962). The value is found from a 
concentration against time curve using the equation:
2 /  u L \
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\  y
(2)
Where cr = variance
The mean retention time, t , was then calculated using the equation:
■ I t
Where t = time, mins
C = concentration, mg/1
The theoretical retention time of the lagoon was calculated using the equation:
V
'  =  7  (4)
Where V = volume of reactor, m3
v = volumetric flow rate, m3/sec
Initial work on computational fluid dynamic (CFD) modelling of the system has been started 
using the Fluent software package. Work has so far concentrated on constructing an accurate
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model of the lagoon structure and layout, and ensuring that all the relevant data has been or 
will be collected.
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3. Results and Discussion
The full literature review has been submitted as a separate document to my portfolio. The 
key points discussed in the literature are summarised below. This is followed by the full 
results and discussion for Holmwood and Basingstoke.
3.1 Literature Review
• Tertiary treatment lagoons are being used worldwide, with varying degrees of success, to 
treat sewage effluent. The poor performance experienced in some areas can probably be 
explained by the lack of well defined design criteria which can be applied to all climates 
and types of wastes, often resulting in over- or under-loading of the lagoons. However, in 
many cases, the natural processes that occur in lagoons have been successfully exploited to 
obtain final effluents that have low concentrations of BOD, nitrogen, suspended solids and 
pathogenic organisms. The removal of phosphorus in the lagoons is not as reliable, and 
substantial increases in BOD and suspended solids can occur if there are high 
concentrations of algae present.
• It is thought unlikely that nitrification and denitrification play an important role in the 
removal of nitrogen in lagoons. Dentrification has been shown to be possible in the 
sediment at the bottom of the lagoons (Toms et a l, 1975), but since the concentration of 
nitrates are low, this removal mechanism is not very significant. Most of the findings 
centre on the relative importance of volatilisation of ammonia and the sedimentation of 
organic nitrogen via biological uptake. Several studies have concluded that volatilisation 
is the main pathway for nitrogen removal from lagoons at high temperatures and high pH. 
However, Pano and Middlebrooks (1982) found that it was most important at low 
temperatures when there was little biological activity and Ferrara and Avci (1982) found 
that even at high pH values, volatilisation was minimal, and sedimentation was the main 
removal pathway. Since high pH and high temperature are both related to the climate, 
more research is needed to discover whether this is the factor which determines which of 
the two mechanisms predominates. The removal of phosphorus from tertiary lagoons is 
not well understood either, and the interaction between biological uptake and precipitation 
at high pH values needs to be investigated. The errors associated with estimating the algal 
biomass and the variation in the amount of phosphorus in the cells of different algal 
species also need to be investigated in more depth.
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• There is very little information in the literature with respect to the removal of COD by 
tertiary lagoons, although some performance data are quoted, but it is assumed that it is 
removed by similar mechanisms to BOD. However, little work has been reported in the 
literature on the mechanism of removal of BOD in tertiary lagoons, and it is clear that 
research is required to develop a better understanding of BOD and COD removal in 
tertiary lagoons. Similarly, there is no discussion at all in the literature of mechanisms or 
percentage removals' of heavy metals from tertiary lagoons. High concentrations of heavy 
metals in wastewater are a long-term significant threat to human health if the water is 
reused for agricultural purposes, therefore research in this area is essential. The use of 
wetlands and land application may be important if lagoons are found to be unable to 
produce an effluent with low concentrations of heavy metals. It would obviously be 
preferable to achieve an acceptable effluent quality using only lagoons in order to avoid 
the extra costs that an additional process would entail.
• There is much debate in the literature on the mechanisms of bacterial removal, and there 
are conflicting results on the contribution of algal toxins, predation, starvation, 
temperature and retention time. These are therefore areas where more research is required. 
One of the most contentious areas under investigation is the effect of light, with some 
workers discounting it completely (Pearson et a l, 1987; Parhad and Rao, 1972), while 
others have concluded that it is the most important factor (Curtis et a l, 1992; Moeller and 
Calkin, 1980). However, the actual mechanism of bacterial removal by light is still to be 
elucidated. More work is needed to investigate the relationship between pH, dissolved 
oxygen concentration, light and lagoon depth. This area is particularly important, as 
tertiary lagoons are used primarily for pathogen removal. There is also the potential for 
conflict between the need for long retention times and shallow pond depths to ensure good 
bacterial removal, and the resulting increase in algal biomass leading to high 
concentrations of BOD and suspended solids in the effluent. The importance of light also 
raises questions about the suitability of lagoons in colder climates for providing pathogen 
removal. The use of faecal coliforms and E. coli as indicators of pollution needs to be 
reconsidered in the light of the results discussed in section 1. They have been shown by 
several authors not to be good indicators of viral or intestinal parasite pollution (Feachem 
and Mara, 1978). More work is needed on virus and intestinal parasite removal in 
maturation lagoons, and the problems of detection and quantification also need to be
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resolved. Improvements in understanding the mechanisms of bacterial removal will 
almost certainly lead to improvements in the design of tertiary lagoons.
• Many of the studies of lagoon performance were carried out for only limited periods, 
usually less than a year. This makes the data obtained of limited value as the effects of 
seasonal variations in temperature, rates of evaporation, the amount of rainfall and hours 
of sunlight will obviously have an important impact on the quality of the effluent from the 
lagoons, particularly in temperate and continental climates where extremes of temperature 
will be experienced.
• There is a lack of clear advice in the literature on the most suitable hydraulic flow pattern 
for tertiary lagoons despite the importance of this factor to the performance of a system. 
This is therefore another area where more research is needed.
3.2 Evaluation of sampling regime
3.2.1 Results
The chemical results show no significant difference between spot and composite samples for 
any of the parameters studied during this period. It can be seen from Appendix 2 that the 
levels are well within the consent limits (15 mg/1 BOD and 15 mg/1 for suspended solids) at 
the inlet to the lagoons for virtually the whole sampling period.
Table 2 shows the microbiological results obtained for both the spot and composite samples.
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Table 2. Spot and 24-hour composite results for total coliforms, E. coli and Enterococci in the
lagoon at Holmwood STW
Total Coliforms/100 ml Total Coliforms/100 ml
Sample
Date
Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 2 800 000 29 000 130 000 24 000
10/07/96 290 000 41 000 270 000 29 000
11/07/96 270 000 36 000 340 000 36 000
15/07/96 240 000 31 000 56 000 34 000
E. co/Z/lOO ml E. co/zV 100 ml
Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 89 000 7 000 56 000 4 600
10/07/96 190 000 4 000 60 000 4 000
11/07/96 11 000 4 000 10 000 2 000
15/07/96 40 000 10 000 6 200 14 000
Enterococci! m l Enterococci! 100 ml
Spot Inlet Spot Outlet Composite Inlet Composite Outlet
09/07/96 4 100 120 1 900 120
10/07/96 100 5 1 200 7
11/07/96 500 9 31 4
15/07/96 2200 200 200 200
Results from the Delagua kit for one eight hour period are shown below.
140000 i
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80000 -
o
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20000
10.00 11.00 12.00 . 13.00Time 14.00 15.00 16.00
Figure 5. Diurnal pattern of faecal coliform concentration at Holmwood STW
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The concentrations of faecal coliforms at the outlet appear to have been stable, while at the 
inlet, there was a maximum between 10 and 11 am. Table 3 shows the results for the samples 
taken at 6 hour intervals over 24-hours. The outlet sample at 4.15 am was missed because of 
very low flows through the lagoon.
Table 3. Numbers of total coliforms, E. coli and Enterococci in samples taken at 6 hour
intervals over 24-hours
Total Coliforms/100 ml
Sample Time Inlet Outlet
1615, 5/8 1 200 000 24 000
2215, 5/8 78 000 45 000
0415, 6/8 83 000 missed sample
1015, 6/8 89 000 78 000
E. co/z'/100 ml
Sample Time Inlet Outlet
1615, 5/8 16 000 4 000
2215,5/8 14 000 6 000
0415, 6/8 11000 missed sample
1015, 6/8 16 000 25 000
Enterococci! 100 ml
Sample Time Inlet Outlet
1615, 5/8 60 10
2215,5/8 10 10
0415, 6/8 40 missed sample
1015,6/8 190 30
3.2.2 Discussion
Both the spot and the composite sample results show that overall there was more variability 
in the concentration of bacteria in the influent to the lagoon than in the effluent from the 
lagoon where the concentration remained relatively constant. About 1 log bacterial removal 
has been achieved, though this is not sufficient to meet the standard for total coliforms or 
faecal coliforms set in the EC directive on bathing waters (10 000 total coliforms per 100 ml, 
2 000 faecal coliforms per 100 ml) or the WHO guidelines for wastewater reuse (100 faecal 
coliforms per 100 ml). The samples taken at six hour intervals show that the concentration of 
the bacteria at the inlet followed the same pattern as the results from the Delagua kit 
i.e. increasing to a maximum at around 10.00 am.
It is usually recommended that microbiological samples should be analysed within about 
6 hours (Greenberg et al, 1992), and obviously, at the time when a 24-hour composite
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sample is analysed, the first sub-sample will be more than 24-hours old. However, the 
advantage composite sampling provides is a better overall picture of the works can be gained 
than with spot sampling, which gives only a “snap shot” of that moment. The concentrations 
of the bacteria entering the lagoon appear to follow a pattern (Figure 5), and it would be 
preferable to reflect this in the sampling regime. Taking many spot samples everyday would 
not be practical as this site, as well as the other sites under investigation, are geographically 
distant from the laboratories. If the samples are not received by late morning, it is not always 
possible to start the analysis until the following day. This will negate any advantage gained 
from taking spot samples. On-site analysis of the samples using the Delagua kit is only 
possible for faecal coliforms.
Work by Toms et al. (1975) showed that the dark values of T90 (time for 90 percent die-off in 
the dark) for E. coli ranged between 131 and 225 hours and for Enterococci between 73 and 
112 hours. This suggests that only a small percentage of the bacteria in even the oldest 
sample in a 24-hour composite will have died since the samples are stored in the base of the 
autosampler in the dark and cooled with ice. Since the outlet concentrations of the bacteria 
are not significantly different for the spot and composite samples and the pattern and number 
of bacteria in the diurnal and 6 hour samples are very similar, therefore composite samples 
can legitimately be used in the long-term monitoring programme.
3.3 Holmwood STW
3.3.1 Routine monitoring
3.3.1.1 Results
Analysis showed that there was no change in the concentrations of any of the metals, and the 
concentrations were generally less than the detection limit. Only one Cryptosporidium oocyst 
was found over the whole sampling period.
Table 4 shows the average concentration of all of the determinands at the inlet and outlet, the 
maximum percentage removal and the mean for the percentage removal. The values given 
for Giardia and enteroviruses are from 27 samples. The values for the other parameters are 
for approximately 60 samples.
20
Table 4. The average concentration of the determinands in the inlet and outlet and the 
maximum and mean percentage removal for the lagoons at Holmwood STW
Determinand Average in inlet Average in outlet Maximum % 
Removal
Mean % 
Removal
E. coli 72 000/100 ml 56 000/100 ml 99.4 55.6
Enterococci 1 600/100ml 890/100 ml 99.4 30.4
Total coliforms 230 000/100 ml 96 000/100 ml 99.3 50.4
Giardia 23/1 6.7/1 100 80.6
Enteroviruses 29.5/51 3.5/51 100 74.6
BOD 6.3 mg/1 4.5 mg/1 63.7 19.2
COD 45.8 mg/1 41 mg/1 70.8 4.2
Suspended solids 8.7 mg/1 5.3 mg/1 84.6 24.4
Ammoniacal N 0.7 mg/1 0.7 mg/1 66.7 -14.9
Nitrite 0.2 mg/1 0.259 mg/1 24.8 -37.3
Nitrate 20.3 mg/1 19 mg/1 12.0 2.7
TON 20.4 mg/1 19 mg/1 50.8 3.3
Phosphate 7.6 mg/1 7.2 mg/1 43.8 2.2
Figure 6 shows the cusum chart for total coliforms, which exhibits the same trends as COD 
and phosphate. There is a sudden change in direction in the chart on 28 and 29 August, when 
very much higher than normal numbers of all the bacteria were recorded. The analysis of the 
samples was repeated, but the figures were found to be accurate. Figure 7 shows the cusum 
chart for Enterococci, which shows the same trends as BOD, suspended solids, ammoniacal 
nitrogen and E. coli. The cusum chart for total oxidised nitrogen (TON) is shown in Figure 8, 
and demonstrates the same trends as nitrate and nitrite. It should be noted that the sample 
mean is different for the inlet and outlet results for all determinands except ammoniacal 
nitrogen. Therefore, although the inlet and outlet are plotted on the same graph, the two lines 
should be compared to zero on the y-axis, i.e. the mean, rather than to each other, as 
discussed in section 2.8.
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Figure 6. Cusum chart of total coliform numbers/100 ml in the inlet and outlet of the lagoons
at Holmwood STW
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Figure 7. Cusum chart of Enterococci numbers/100 ml in the inlet and outlet of the lagoons at
Holmwood STW
22
0.00 4-
08/0 s! 
-10.00 -
24/07/97
- 20.00 -
-30.00 -
-40.00 --
I
m -50.00 -- 
U
-60.00 --
-70.00 -
-80.00 --
-90.00 -
-100.00  -L
Inlet
OutletDate
Figure 8. Cusum chart of total oxidised nitrogen concentration in the inlet and outlet of the
lagoons at Holmwood STW
Table 5 shows the results of the paired t-tests for all the determinands.
Table 5. Probability of the results for the inlet and outlet of the lagoon being the same for the
determinands measured at Holmwood STW
Determinand Probability of inlet and outlet 
being different
E. coli 1.0
Enterococci 1.0
Total coliforms 1.0
BOD 1.0
COD 0.12
Suspended solids 1.0
Ammoniacal N 0.37
Nitrite 1.0
Nitrate 1.0
TON 0.01
Phosphate 0.17
This shows that for all the determinands except ammoniacal nitrogen, phosphate and COD, 
the outlet samples are significantly different to the inlet samples.
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The full tables of results for the routine monitoring at Holmwood STW are given in 
Appendix 3.
3.3.1.2 Discussion
The maximum removal for the bacterial parameters in the lagoons at Holmwood STW was 
satisfactory (Table 4), however, the mean removal was significantly lower for all the 
parameters. The difference between the maximum percentage removal and the mean 
percentage removal illustrates a significant variability in the results obtained over the one 
year period. This lack of consistency in the performance may be explained by the cusum 
charts which suggest that, for all the parameters studied, there is a distinct seasonal pattern 
with a specific period where performance is particularly good. For E. coli, Enterococci, BOD 
and suspended solids, performance appeared to be at its best during the cold winter months 
and deteriorated as spring progressed (Figure 7). However, for COD, total coliforms and 
phosphate, the opposite appeared to be true (Figure 6). Giardia and enterovirus removal 
appear to show less variability as the difference between the maximum and mean percentage 
removal is not as great, however, the results are for only half the number of samples that were 
analysed for the other parameters.
Although the relationship in the cusum charts is between each line and zero on the y-axis, the 
pattern of the outlet for all the determinands does appear to follow closely the pattern of the 
inlet. This pattern was mainly governed by the seasonal performance of the trickling filters. 
Biological processes tend to operate best during the warmer summer months, and it is 
therefore interesting that the highest removal for BOD and suspended solids was during the 
winter months.
The removal of E. coli and Enterococci may be higher during the winter months due to the 
longer retention time when both lagoons are run in parallel, and as they are less tolerant of 
low temperatures than other coliforms. The group of total coliforms covers a wide range of 
organisms, some of which are naturally occurring in the environment. Therefore, some of 
these organisms may be better adapted to low temperatures which consequently increases the 
likelihood of their survival in the lagoon during the winter months. The low concentrations 
of nitrate, nitrite and TON in the influent to the lagoons during the winter months (Figure 8) 
was due to the lack of nitrification in the trickling filters, and as the temperature increases, it 
can be seen that the concentrations of these three determinands also increases.
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Table 5 shows that the only determinands where the outlet is not significantly different from 
the inlet are ammoniacal nitrogen, phosphate and COD. This implies that there is no 
significant process affecting these determinands as they pass through the lagoon. For 
ammoniacal nitrogen, this may be explained by the very low concentrations found in the inlet 
(generally less than 0.5 mg/1) again making it unlikely that any significant removal would be 
detected. It was, however, surprising that the inlet and outlet for nitrite and nitrate were 
found to be significantly different as there were only small changes in concentration. This 
can be explained by nitrification occurring in the lagoons, either in the sediment or on the 
vertical brushes, as these provide sufficient surface area for the attachment of the nitrifying 
bacteria. It was also expected that there would be little phosphorus removal through the 
lagoons as Toms et al (1975) suggested that significant phosphorus removal will occur 
through algal uptake. This was also the conclusion of Mara and Pearson (1986) and Houng 
and Gloyna (1984), although Toms et al found that, at times, up to 80 percent of phosphorus 
loss could be accounted for by the precipitation of hydroxyapatite (Ca^POJsOH). This 
occurs at pH values of 8 and above, which are caused by the uptake of C02 during algal 
photosynthesis. The pH of the lagoons was consistently between 7 and 8 and there was no 
evidence of large amounts of algal growth even during the summer as the lagoons were 
drained down before the populations could develop. Poor COD removal in the lagoon could 
be due to a high percentage being soluble and resistant to any processes operating in the 
lagoons.
There does appear to have been some removal of E. coli, total coliforms and Enterococci in 
the lagoons at Holmwood STW as the probabilities that the inlet and outlet are the same are 
zero, although, as discussed above, the amount of removal was variable (Table 4). However, 
except at the maximum percentage removal, none of the samples would comply with the 
requirement for 10 000 total coliforms per 100 ml in the EC directive on bathing water. The 
removal of the Giardia and enteroviruses is considerably less variable, and considerably 
higher than any of the bacterial parameters. For the enteroviruses, this may be due to the high 
solids removal during the winter and the low survival rate of the organisms during the 
summer. Most research indicates that the association of viruses with solids in wastewater is 
one of the most important factors in their removal during treatment (Ohgaki et al, 1986; 
Lewis et al, 1986; Feacham et <3/., 1983; Chalpati Rao et al, 1981; Bitton, 1975,1980; Berg,
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1973). Prolonged exposure of viruses to temperatures between 20 and 40 °C was found by 
Kruse (1971) and Berg (1966) to cause viral inactivation, and the profiling results 
demonstrate that the temperature in the lagoons is generally between 20 and 25 °C during the 
summer, but will be much lower during the winter months. The high mean percentage 
removal of Giardia cysts is more difficult to explain as the only proposed removal 
mechanism is sedimentation, and solids removal is poor during the summer.
3.3.2 Flow measurement
3.3.2.1 Results
It can be seen from Figure 9 that the flow at the outlet from the trickling filters follows very 
closely the pattern of flow at the inlet works, but with an offset of approximately 30 minutes.
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Figure 9. Average diurnal flow at the inlet works and the outlet from the trickling filters for
Holmwood STW
3.3.2.2 Discussion
Flow readings will in future be taken from the flow meter installed at the inlet works as the 
lines are virtually identical (Figure 9). This is an important finding, as flow measurement 
directly at the lagoons is currently impossible, and accurate flow measurements are essential 
for the tracer studies and any CFD modelling work that is carried out.
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3.3.3 Tracer studies
3.3.3.1 Results
The theoretical retention time was found to be approximately 24 hours (equation 4). The 
background conductivity was virtually constant over the 48 hour period logged. The 
preliminary tracer study using NaCl did appear to show a peak in conductivity, but the logger 
was disturbed and data collection halted before more than the initial points of the peak were 
logged, and therefore no retention time could be calculated. The high rainfall during June 
1997 resulted in very poor results using NaCl because of substantial dilution.
The background fluoride was also found to be virtually constant over the 24 hour period 
logged. Figure 10 shows the results for the second fluoride tracer study when 25 kg of 3.5 
percent w/w NaF were used.
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Figure 10. Profile of the concentration of fluoride measured at the outlet of a lagoon at
Holmwood STW
The dispersion number for the lagoon was found, after 100 iterations of equation 2, to be 
0.156, and the mean retention time was approximately 26 hours (equation 3).
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33.3.2 Discussion ■
The results of the fluoride tracer study (Figure 10) show that the retention time of a single 
lagoon is approximately 26 hours, which compares well with the calculated theoretical 
retention time of 24 hours. This suggests that the whole of the lagoon volume is used, and 
there are no dead-zones. During the winter, when both lagoons are used in parallel the 
retention time of each will be increased. The precise increase is not known as the flow 
distribution to the lagoons as the influent is gravity fed between the eight inlets. The tracer 
profile in Figure 10 and the dispersion number of 0.156 indicate that the hydraulic nature of 
the lagoon is dispersed plug flow. The peak concentration centred around midnight on 13 
August, approximately 4 hours after the tracer was added. This peak indicates that there is 
significant short-circuiting. The concentration of fluoride returned to the background level 
after approximately two and a half days. Marais (1974) found experimentally and by 
calculation that plug flow lagoons gave the highest removal efficiencies. A single, 
completely mixed lagoon gave the worst efficiencies, so a series of lagoons was 
recommended. He concluded that the efficiency of removal increases as the number of 
lagoons are increased. For example, he stated that in a single pond up to 90 percent reduction 
could be achieved, but with two lagoons in series, up to 99.9 percent reduction could be 
achieved.
3.3.4 Lagoon profiling
3.3.4.1 Results
The weather on the day of the first test was bright sunshine with some high cloud. The air 
temperature was approximately 30 °C. The tables of results are given in Appendix 4. 
Figure 11 shows the average temperature at the four sample depths in the four lanes of the 
profiling grid. The results for the average dissolved oxygen concentration at the four depths 
at the four sampling points in the four lanes are included as Figure 12, as they demonstrate 
same general trends as conductivity and pH.
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Figure 11. Average temperature at the four sample depths at four distances across the lagoon
at Holmwood STW
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Figure 12. Average dissolved oxygen concentration at the four sample depths at four 
distances across the lagoon at Holmwood STW
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Figures 13 and 14 show the typical radiance for wavelengths between 350 nm and 950 nm at 
the surface and the bottom of the lagoon respectively. It can be seen that, unsurprisingly, the 
maximum radiance at the surface is significantly higher than at the bottom of the lagoon. The 
shape of the radiance graphs were the same for all the sample points; one peak at 
approximately 600 nm, and two others at approximately 700 nm and 800 nm. The first peak 
was due to phytoplankton chlorophyll (George, 1997a). The second two are thought to have 
been caused by very fine suspended solids (George, 1997b).
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Figure 13. Typical radiance at wavelengths from 350 nm to 950 nm at the surface of the
lagoon
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Figure 14. Typical radiance for wavelengths between 350 nm and 950 nm at the bottom of the
lagoon
3.3.4.2 Discussion
The lagoon profiling results highlight some general trends in all of the parameters measured. 
Figure 11 indicates that there is a distinct temperature gradient down through the lagoon 
except in the first row. This gradient has become particularly clear by the fourth row, which 
was sampled last, at about 14:00, by which time the lagoon had been in full sun for 
approximately 6 hours, compared to approximately 2 hours when the first row was sampled. 
Even though the difference in temperature is very small in the second row (between 0.2 and 
0.4 °C), this is sufficient to cause a significant difference in the density of the water. 
Temperature difference does not explain the rise in the dissolved oxygen concentrations with 
depth (Figure 12). The saturated dissolved oxygen concentration rises by only 0.2 mg/1 for 
every 1 °C, and the increase in concentration with depth seen here is significantly greater. 
Regression analysis of temperature and dissolved oxygen gave R2 of only 0.5, showing that 
there is very poor correlation between the two determinands. It is thought that increase in 
dissolved oxygen concentration is due to short circuiting of the oxygen-rich influent along the 
bottom of the lagoon.
These temperature and density effects have significant implications for the hydraulic 
circulation in the lagoon, and hence performance of the lagoon. The cooler water entering the
31
lagoon will sink to the bottom, despite a certain amount of mixing at the inlet caused by the 
drop from each inlet to the surface of the lagoon. Cooler water at the bottom of the lagoon 
may cause short-circuiting, and a reduction in performance during the summer. If the flow is 
short-circuiting along the bottom of the lagoon this will cause the resuspension of any solids 
and associated BOD and bacteria that have settled, and vice versa during the winter, which 
may enhance settlement. This may help to explain the lower suspended solids and BOD, and 
possibly E. coli and Enterococci removal performance during the summer.
The surface layer of water may have been stationary in the lagoon for some time and as there 
was no algal growth and therefore no photosynthesis, there will have been no inputs to the 
dissolved oxygen except from the atmosphere. The surface of the lagoon was very still, and 
unless there were high winds, there will have been no significant aeration from the 
atmosphere.
The increase in conductivity with depth was caused by the higher density of the colder water. 
This is confirmed by regression analysis of temperature and conductivity, which gave R2 of 
0.9. The increase in pH with depth only became significant in the fourth row, where there 
were differences of 0.1 pH unit or greater, giving R2 of approximately 0.9. This increase in 
the pH value with depth is due to the decrease in temperature. This is described in the Nemst 
equation, which relates the electromotive force (emf) of a suitable pH-measuring electrode to 
the hydrogen ion concentration:
E = E°- log[H+] (5)
Where E = cell emf
E° = standard emf of cell
R = the gas constant
T= the absolute temperature
F =  the Faraday constant, 96 485 coulombs/mole
n = number of electrons involved in the equilibrium
In general, the numbers of all the bacterial parameters were lower at the surface than at the 
bottom of the lagoon. This was due to the effect of the higher temperature, high dissolved
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oxygen concentrations and high light intensity of all wavelengths. High temperature is a 
widely accepted mechanisms of pathogen removal (Marais and Shaw, 1961; Ferrara and 
Harleman, 1981; Mezrioui et al., 1995b), although 22 - 25 °C is quite modest compared to the 
temperatures experienced in lagoons in tropical countries. The high dissolved oxygen and 
light intensity cause the photo-oxidative removal reaction described by Curtis et al. (1994). 
These bacterial removal mechanisms are discussed in detail in the literature review document 
submitted to my portfolio. The higher bacterial numbers found at the bottom of the lagoon
were due to the lower maximum radiance (approximately 40 000 W/cm2/nm/sr* 1010 at the
?
surface compared to approximately 25 000 W/cm2/nm/sr*1010 at the bottom of the lagoon.. It 
is also possible that if the water at the bottom of the lagoon was short-circuiting, the retention 
time here was significantly shorter than at the surface, so any removal mechanisms will have 
less time in which to take effect. The high total coliform results at the surface may have been 
caused by a higher resistance to removal by the photo-oxidation mechanism of some species 
that make up this large group of organisms. There will also have been inputs of coliform 
bacteria from the ducks which live on the lagoons. Geldreich et al. (1962) found that a duck 
can excrete about 1010 E. coli per day which is sufficient to be significant.
3.4 Basingstoke STW
3.4.1 Results
Table 6 shows the average concentration of all of the determinands at the inlet and outlet, the 
maximum percentage removal and the mean for the percentage removal. Problems were 
experienced with the auto-samplers during the sampling period at Basingstoke STW, and 
only four pairs of samples were analysed for Cryptosporidium, Giardia and Enteroviruses 
due to insufficient sample volumes. No Cryptosporidium oocysts were found in any of the 
samples. Approximately 30 pairs of samples were analysed for the remaining determinands 
and a summary of the results are given in Table 5.
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Table 6. The average concentration of the determinands in the inlet and outlet and the 
maximum and mean percentage removal for the lagoons at Basingstoke STW
Determinand Average in inlet Average in outlet Maximum % 
Removal
Mean % 
Removal
E. coli 26 000/100 ml 35 000/100 ml 94.8 -4.6
Enterococci 3 600/100 ml 1 400/100 ml 98.3 37.1
Total coliforms 330 000/100 ml 170 000/100 ml 99.4 31.7
Giardia 38/1 16/1 64.4 40
Enteroviruses 9.5/51 8/51 75.0 0
BOD 9.8 mg/1 5.8 mg/1 75.6 45.3
COD 48.3 mg/1 36.2 mg/1 56.1 25.2
Suspended solids 19.0 mg/1 12.0 mg/1 80.0 36.2
Ammoniacal N 0.5 mg/1 0.7 mg/1 96.8 -210.5
Nitrite 0.155 mg/1 0.167 mg/1 62.2 -104.4
Nitrate 16.6 mg/1 15.9 mg/1 15.2 1.3
TON 16.7 mg/1 16.2 mg/1 14.2 2.5
Phosphate 6.0 mg/1 5.9 mg/1 7.3 -0.7
Figure 13 shows the cusum chart for E. coli numbers per 100 ml, which demonstrates the 
same trends as Enterococci and total coliform numbers per 100 ml, BOD, COD and 
suspended solids. The cusum chart for phosphate concentration is given in Figure 14, and 
shows the same trends as nitrate and total oxidised nitrogen. The cusum chart for 
ammoniacal nitrogen is given in Figure 15, and this demonstrates the same trends as nitrite.
It should be noted, as for the results from the Holmwood STW lagoons, that the sample mean 
is different for the inlet and outlet results for all determinands. Therefore, although the inlet 
and outlet are plotted on the same graph, the two lines should be compared to zero on the y- 
axis, i.e. the mean, rather than to each other.
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Figure 15. Cusum chart of E. coli numbers/100 ml in the inlet and outlet of the lagoons at
Basingstoke STW
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Figure 16. Cusum chart of phosphate concentration in the inlet and outlet of the lagoons at
Basingstoke STW
35
1
18/03/97 \2 5 /0 3 /9 7  22/04/9713/02/9726/11/96 16/01/9718/1
-2 - Inlet
Outlet
-3 -L Date
Figure 17. Cusum chart of ammoniacal nitrogen concentration in the inlet and outlet of the
lagoons at Basingstoke STW
Table 7 shows the results of the paired t-tests for all the determinands.
Table 7. Probability of the results for the inlet and the outlet of the lagoon being the same for 
the determinands measured at Basingstoke STW
Determinand Probability of inlet and outlet 
being the same
E. coli 0.233
Enterococci 0.067
Total coliforms 0.002
BOD 0.002
COD 0.001
Suspended solids 0.000
Ammoniacal N 0.395
Nitrite 0.151
Nitrate 0.113
TON 0.045
Phosphate 0.354
This shows that for all the determinands except suspended solids, BOD, COD and total 
coliforms, the outlet sample is not significantly different from the inlet sample.
36
The full tables of results for Basingstoke are given in Appendix 5.
3.4.2 Discussion
The sampling period at Basingstoke STW was only five months, and problems were 
experienced with sampling at the inlet to the lagoons due to the malfunction of one of the 
auto-samplers. However, for the data that was acquired, the maximum percentage removals 
for the bacterial determinands at Basingstoke STW were again satisfactory, but, as with the 
results for Holmwood, the mean removal was significantly lower for all the other parameters 
(Table 6). Once more, the difference between the maximum percentage removal and the 
mean percentage removal demonstrates the significant variability in the results obtained over 
the sampling period, and these inconsistencies may be explained by the seasonal patterns 
shown in the cusum charts. For Enterococci, total coliforms, BOD, COD and suspended 
solids, the removal performance of the lagoons appeared to be poor at the start of the 
sampling period and then improve for the rest of the sampling period (Figure 13). However, 
the opposite appeared to be true for phosphate and total oxidised nitrogen, as shown in 
Figure 14. The cusum chart for A. coli does follow the same trend as Figure 13, however, the 
outlet concentration is generally higher than the inlet concentration, which is also confirmed 
by the negative mean percentage removal, i.e. a percentage increase, given in Table 6. The 
cusum chart for nitrate follows the same trend as Figure 14, but, as for E. coli, the outlet is 
generally higher than the inlet, and the mean percentage removal is negative. Ammoniacal 
nitrogen and nitrite initially appeared to follow the pattern shown in Figure 15, but during the 
spring months the removal performance deteriorated.
Although, as discussed above, the relationship in the cusum chart is between each line and 
zero on the y-axis, the pattern of the outlet for all determinands does appear to follow closely 
the pattern of the inlet. It is assumed that this pattern is governed by the behaviour of the 
final settlement tank and the activated sludge process. Higher flows to the works are also 
experienced during the winter months. Biological processes do not tend to operate optimally 
during the cold winter months, and it is therefore surprising that the removal of so many of 
the parameters appears to be so good during this sampling period..
The results given in Table 7 show that the only determinands where the outlet was 
significantly different from the inlet are total coliforms, BOD, COD and suspended solids.
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This implies that there is no process affecting the remaining determinands as they pass 
through the lagoon. This may be explained by the very high flows to the lagoons during the 
sampling period, resulting in very short retention times. For ammoniacal nitrogen, it may 
also be due to the very low concentrations in the inlet (generally less than 0.5 mg/1) which 
again make it unlikely that there will be any significant removal. At Basingstoke there are no 
vertical brushes in the lagoon on which biofilm can form in order for nitrification to occur, 
and this is likely to be the reason for the lack of significant difference between the inlet and 
outlet for the nitrogen compounds. Removal of phosphate in the lagoon was not expected as 
the pH value remained consistently between 7 and 8, and there was no algal growth observed, 
as discussed in section 3.3.1.2.
When the concentration of BOD and COD at the outlet are plotted against the outlet 
concentration of suspended solids, there does appear to be a correlation (Figures 16 and 17 
respectively). Least squares regression of the two determinands gave R2 of 0.54 for BOD and 
0.61 for COD. A plot of suspended solids against total coliforms did appear similar, though 
regression gave an R2 of only 0.22. The values of R2 for BOD and COD are not very high, 
although they do suggest the apparent correlation is real. A fraction of both the BOD and 
COD was being removed by settlement of the suspended solids, but the remaining fraction 
was dissolved, and passed through the lagoon unchanged. The intercepts of the best-fit lines 
with the y-axis shows that the soluble fraction of BOD is approximately 1 mg/1, and of COD 
is approximately 25 mg/1.
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Figure 18. Outlet concentration of BOD plotted against outlet concentration of suspended
solids for the lagoons at Basingstoke STW
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Figure 19. Outlet concentration of COD plotted against outlet concentration of suspended
solids for the lagoons at Basingstoke STW
3.5 Chesham STW
Due to the extensive work carried out at Holmwood STW and problems with equipment, too 
few results have been obtained for the lagoon at Chesham STW for any analysis to be carried 
out.
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4. Summary
The lack of consistent performance by the lagoons at both Holmwood STW and Basingstoke 
STW over the past year demonstrates the difficulties of using tertiary lagoons in a temperate 
climate. However, in the case of Holmwood STW, the lack of consistency for BOD, 
ammoniacal nitrogen and suspended solids is not problematic as the effluent from the 
trickling filters is of such high quality. The influent to the lagoon generally has less than 10 
mg/1 BOD and suspended solids, and less than 1 mg/1 ammoniacal nitrogen. The poor 
performance of both lagoon systems with respect to most of the parameters is likely to be 
caused by the short-circuiting, as it is normally recommended that tertiary lagoons have a 
retention time of several days (Mara et al., 1992). If this could be prevented by improving 
the hydraulic nature of the lagoons, or if the lagoons could be operated in series, it might be 
possible to improve the amount of removal simply by increasing the amount of time in which 
the removal mechanisms have to operate. The short-circuiting of the flow in the Holmwood 
lagoon during the summer along the bottom of the lagoon, shown by both the tracer studies 
and the profiling, will scour any solids and consequently the associated BOD and COD. 
However, it is possible that during the winter, the opposite will occur, i.e. there is short- 
circuiting of the warmer influent flow across the top of the lagoon. This could be beneficial 
for the performance of the lagoon. The performance may also be enhanced by the longer 
retention times when the lagoons are operated in parallel.
These factors may explain the higher BOD and suspended solids removal during the winter at 
both Basingstoke and Holmwood. The higher removal may also be a result of the lower 
concentrations of the two determinands in the influent to the lagoons during the summer, i.e. 
the lower the concentrations, the more difficult the substance is to remove. This assumes a 
first order mechanism as discussed by Marais and Shaw (1961). During the winter there will 
be a higher load on to the lagoons from the settlement or humus tanks. Although the 
retention time at Holmwood will increase during the winter, it will have decreased at 
Basingstoke because of the higher flows. However, the higher removals are associated with 
the higher loads, and this confirms the assumption of a first order mechanism.
It is believed that the regular cleaning cycle of the lagoons at Holmwood STW prevents the 
development of large algal populations which consequently prevents a significant increase in
40
BOD and suspended solids. This increase would be a result of algae in the effluent, which 
can be a problem for more conventional maturation ponds. Although no tracer studies were 
carried out at the lagoons at Basingstoke STW, the retention time is thought to have been 
very short as the flow rate was 170 1/s, which was approximately half the flow to the site. 
This flow rate is high in comparison to the size of the lagoons, and gives a theoretical 
retention time of only 5 hours.
The correlation found in the outlet at Basingstoke STW between BOD and suspended solids 
and COD and suspended solids concentrations (Figures 17 and 18 respectively) was not 
found at Holmwood STW. This can be attributed to the fact that the concentrations of these 
three parameters were much lower at Holmwood than at Basingstoke, so there was not a 
sufficient spread of values for it to be possible to carry out a meaningful regression analysis. 
These low concentrations of BOD are also very close to the limits of detection and are 
therefore liable to have greater errors associated with their analysis.
The results of the paired t-tests (Table 5) for Holmwood do seem to indicate that some 
denitrification does take place. It is thought that this occurs either in the sediment of the 
lagoon or on the vertical brushes. No significant removal of ammonia occurs in the lagoons 
at either Basingstoke or Holmwood STW. This may be due to the very low concentrations 
entering the lagoons. A widely accepted mechanisms for ammonia removal in lagoons is 
volatilisation (King, 1978; Reddy, 1983; Pano and Middlebrooks, 1982; Reed, 1985; Silva et 
al, 1995; Soares et al, 1996; Pearson et al, 1996). For such a process to take place, warm 
temperatures and pH from 10 to 12 are needed., However, except during the summer months, 
neither of these conditions are met. The lack of biological activity in the lagoon at 
Holmwood precludes the possibility of uptake of ammonia. No phosphorus removal was 
found in either lagoon system, but this was the expected result because of the low pH and 
lack of algal growth, as discussed in section 3.3.1.2
The main mechanisms of bacterial removal, demonstrated by this research, are temperature, 
photo-oxidation and retention time, although predation and starvation of the bacteria cannot 
be entirely ruled out though. Gann et al (1968) found that coliform removal was closely 
associated with the removal of BOD, and suggested that coliforms are unable to compete with
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other bacteria for nutrients, but no correlation could be found in the data obtained in this 
project.
The results of the profiling of the lagoon at Holmwood STW indicate that the numbers of 
bacteria are generally lower at the surface where the retention time is longer and the 
temperature is higher. Although the dissolved oxygen levels at the surface are lower than 
those at the bottom of the lagoon, the average surface concentration of approximately 4 mg/1 
should be high enough for the photo-oxidation mechanism described by Curtis et al (1992). 
The even higher concentration of dissolved oxygen at the bottom of the lagoon demonstrates 
their finding that this parameter alone is not sufficient for bacterial removal. Curtis et al.
(1994) also carried out a study to characterise the optics of lagoons and to discover the nature 
and cause of spectral and inter-pond variations in light penetration. They found that 
relatively little UV light can penetrate the water in lagoons because of the absorbance of 
gilvin (dissolved yellow matter), algae and tripton (inanimate particulate matter). Gilvin is 
known to be present in sewage and lagoons and absorbs strongly in the UV (Curtis, 1990; 
Haag et al, 1986; Draper and Crosby, 1983). Tripton typically absorbs less light, has an 
absorption spectrum similar to that of gilvin, and is important in water with many particles 
derived from soil erosion and the resuspension of sediments. Mezrioui et al (1995b), Mara et 
al. (1992) and Pearson et al. (1987) all found that removal of faecal coliforms increased with 
increasing temperature. However, Mara and Pearson (1986) pointed out that the relationship 
between die-off and increasing temperature must be indirect since high levels of removal 
were found in tertiary lagoons in comparison to anaerobic and facultative lagoons operating 
at the same temperature. The temperature of the lagoons during the summer months is only 
2 1 - 2 5  °C, and this is low compared with those experienced in tropical countries, as 
discussed in section 3.3.4.2.
The pH value of the lagoons rarely reaches 8. It is therefore thought unlikely that it will 
contribute to bacterial removal. Some researchers (Pearson et al., 1987; James, 1987; Him et 
al., 1980; Metcalf and Eddy, 1979) have defined pH values ranging from 9 to 9.5 as the lethal 
level for bacteria, and stated that this pH was the main or even sole factor affecting the die-off 
of faecal coliforms. Fernandez et al. (1992), Gambrill et al. (1992), de Oliveira (1990) and 
Trousselier et al. (1986), among others, found that lagoons function perfectly well with 
respect to faecal coliform removal without ever reaching these critical pH values. Trousselier
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et al (1986) also found that sunlight, pH and algae accounted for 77 to 88 percent of the 
variations in the numbers of faecal coliforms present in the lagoons they studied. Mayo
(1995) reported poor correlation between pH and faecal coliform die-off, suggesting that 
factors other than pH were controlling removal.
The differences in the removal of E. coli, Enterococci and total coliforms between 
Basingstoke and Holmwood are difficult to explain without carrying out more detailed 
mechanistic analysis. It is possible that there is some factor in the lagoons themselves, or 
caused by the unique nature of the influent to each site that is causing the selective removal of 
one group. Neither lagoon system is producing effluent which will meet the requirements of 
either the WHO guidelines on wastewater reuse (100 faecal coliforms per 100 ml) or the EC 
directive for bathing water (10 000 total coliforms, 2000 faecal coliforms and zero salmonella 
and enteroviruses per 100 ml). However, some of the results for enterovirus concentration do 
meet the requirements for bathing water. This is thought to be due to the lower tolerance of 
environmental conditions, as they cannot survive outside the well regulated temperature of 
the body for very long.
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5. Conclusions
• The literature review found that tertiary lagoons can be a very efficient, low cost option for 
improving the quality of sewage effluent. The mechanisms of removal in tertiary lagoons 
for many parameters are not well understood, and widely varying removal performance 
has been experienced around the world.
• The routine monitoring of the lagoons at Basingstoke and Holmwood STWs has shown 
that the removal of all parameters except Giardia and enteroviruses was not consistent. 
This is not a problem at these sites, as the influent to the lagoons generally contains 
concentrations of BOD, suspended solid and ammonia which are close to, or better than, 
the consents.
• Correlations were found between suspended solids and BOD and COD in the effluent from 
the lagoons at Basingstoke STW, demonstrating that a mechanism of BOD and COD 
removal is settlement of solids. This relationship was not repeated at Holmwood, due to 
the low concentrations of BOD and suspended solids which were near the detection limit.
• Ammonia and phosphorus removal does not take place in either of the lagoon systems as 
predicted from information in the literature. Limited denitrification does appear to occur 
at Holmwood, either in the sediment or on the vertical brushes.
• Tracer studies at Holmwood STW showed that the retention time of one of the lagoons is 
approximately 26. The dispersion number is 0.15, and this demonstrates that the hydraulic 
regime in the lagoons dispersed plug flow.
• The profiling study at Holmwood STW suggests that the short-circuiting is caused by the 
difference in temperature between the water in the lagoon and the water entering the 
lagoon. The colder influent sinks to the bottom and passes quickly through the lagoon, 
causing very little disturbance to the warmer upper layers of water. This is confirmed by 
the differences in the dissolved oxygen concentrations found with depth. This short- 
circuiting may explain the poor removal performance during the summer months for BOD, 
COD and suspended solids.
• None of the bacterial criteria for the WHO guidelines on wastewater reuse or the EC 
directive on bathing water were reached, but the enterovirus concentrations were close to 
complying with the EC directive requirements.
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6. Future work
Figure 19 shows the Gant chart for the final two years of this research project.
Routine monitoring will continue at Holmwood and Chesham STW until approximately 
October 1998. The concentrations of metals in the lagoons are at the limits of detection, and 
it was therefore decided that these parameters will no longer be analysed for. No significant 
changes in ammonia concentration were found at Holmwood STW, so this parameter will 
only be analysed for once a week. It is thought necessary to acquire more data for the actual 
pathogens, Giardia, Cryptosporidium and enteroviruses, so these parameters will therefore be 
analysed for twice a week. Greater frequency is not possible for these determinands as the 
analysis costs are too high.
Tracer studies will be carried out during winter 1997/98 at Holmwood STW to determine if 
there is any difference in the hydraulic regime of the lagoons, and will be extended to 
Chesham STW. Profiling of the tracer, NaF, and temperature in the lagoon will be carried 
out to investigate the temperature and density effects that are thought to be occurring at 
Holmwood STW (discussed in section 3.3.4.2),. This will be of particular importance to the 
CFD modelling work. A full profile of a lagoon at Holmwood is also planned for winter 
1997/98. In addition to the type of profiling study already carried out at Holmwood STW, a 
profile of the sludge depth in the lagoon at Chesham will also be necessary in order to model 
the hydraulic regime in the lagoon.
Further statistical analysis of the data is also planned, possibly using path analysis and 
contingency periodograms, as discussed by Trousselier et al. (1986).
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Core Competencies
1. Expert knowledge of an environmental engineering area
I believe that this document, together with the papers for journals that have been submitted 
so far and the literature review, demonstrates my development of an expert knowledge of 
tertiary treatment lagoons.
2. Innovation and a contribution to knowledge in the development of environmental 
technology
The type of comprehensive profiling of a tertiary carried out in this project has not been 
disussed in the lagoon literature, and the full integration and validation of a CFD model of 
a tertiary lagoon will be both novel and a contribution to knowledge. This work will aid 
the development of environmental technology, particularly in developing countries where 
lagoon systems are widely used.
3. The appreciation of the industrial context of environmental engineering
Thames Water was saved tens of thousands of pounds when I was able to demonstrate that 
continuing to use the tertiary lagoons at Holmwood STW was a better option for 
maintaining high effluent quality than the installation of Lockertex to the humus tanks. A 
discussion of the context of this project is given in the introduction. A more general 
appreciation of the industrial context of environmental engineering is also gained by 
reading journals such as The ENDS Report and Water Bulletin.
4. Project and programme management skills
The project is currently running precisely on time, and the CFD work has been started two 
months ahead of the date orginally scheduled. A Gant chart has been prepared, and is 
regularly updated (Figure 20).
5. Oral and written communication skills
Regular oral presentations are given to my research group at the University of Surrey, as 
well as the presentation to the EngD conference and Research and Development Group at 
Thames Water in September 1996. Impromptu presentations have also been given during 
the EngD courses. Three six monthly reports have been completed for this project, as well 
as the two papers which have been submitted for publication:
The performance o f tertiary lagoons in the United Kingdom,
52
submitted July 1997 to Water Science and Technology, IAWQ
Tertiary lagoons: a review o f removal mechanisms and performance,
submitted April 1997 to Water Research
6. Technical organisational skills
These skills have been demonstrated by the completion of the practical tasks involved in 
my research.
7. Financial engineering project planning and control
Money for analytical work and and the purchase or hire of equipment was allocated to me 
after I had drawn up a proposal, and I have stayed within these budgets.
8. The ability to apply skills and knowledge to new and unusual situations
Severe problems with odour were experienced in a tertiary lagoon system on a site run by 
Thames Water in Australia, and I was able to contribute towards the solution of these 
problems by providing information on the effects of recirculation of higher quality effluent 
and interpreting analytical results obtained from the lagoons.
9. The ability to seek optimal solutions to complex engineering problems and to search 
out relevant information sources
A detailed literature survey has been carried out by reviewing all the available databases. 
A document has been submitted to my portfolio, but the databases are checked for any new 
information on a regular basis. I have made other members of my department, both at the 
university and at Thames Water aware of my areas of interest, and am therefore able to 
receive information from alternative sources.
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24 h ou rc hemical composite samples
Sample Date Sample Point BOD Ammonia Suspended solids SRP
8/7/96 Inlet 4.2 0.6 11.0 8.7
8/7/96 Outlet 2.4 0.8 2.0 8.7
9/7/96 Inlet 3.7 0.5 6.0 8.9
9/7/96 Outlet 6.0
10/7/96 Inlet 4.5 0.5 7.5 9.2
10/7/96 Outlet 2.6 0.4 3.5
11/7/96 Inlet 4.3 0.6 2.0 9.5
11/7/96 Outlet 2.8 0.5 5.0 9.2
15/7/96 Inlet 3.4 0.4 5.5
15/7/96 Outlet 2.6 0.3 4.0 11.3
16/7/96 Inlet 5.6 0.7 5.5 11.2
16/7/96 Outlet 4.0 0.4 3.5 11.1
Spot chemical samples
Sample Date Sample Point BOD Ammonia Suspended solids SRP
9/7/96 Inlet 4.8 0.6 15.0 9.1
9/7/96 Outlet 15.1 0.4 3.0 8.7
10/7/96 Inlet 6.1 0.5 8.5 9.3
10/7/96 Outlet 2.7 0.4 3.5 9.1
11/7/96 Inlet 4.6 0.6 6.0 9.5
11/7/96 Outlet 3.9 0.5 3.5 9.5
15/7/96 Inlet 4.4 0.4 6.5 9.8
15/7/96 Outlet 2.2 0.3 2.5 10.9
16/7/96 Inlet 6.9 0.5 9.5 11.4
16/7/96 Outlet 4.2 0.5 2.0
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Sample Point E. coli Enterococci Total coliforms
1 - 1 - 1 7300 276 24000
1 - 1 - 2 6500 291 31000
1 - 2 - 1 4100 261 20000
1 - 2 - 2 3300 276 26000
1 - 3 - 1 4100 411 25000
1 - 3 - 2 5700 179 25000
1 - 4 - 1 6800 517 26000
1 - 4 - 2 7800 488 38000
2 - 1 - 1 31000 47 15000
2 - 1 - 2 7300 326 26000
2 - 2 - 1 2000 228 41000
2 - 2 - 2 4100 411 21000
2 - 3 - 1 3100 140 17000
2 - 3 - 2 7000 206 39000
2 - 4 - 1 3000 68 14000
2 - 4 - 2 8400 345 29000
3 - 1 - 1 1100 15 10000
3 - 1 - 2 5400 345 24000
3 - 2 - 1 1400 18 6200
3 - 2 - 2 6000 488 26000
3 - 3 - 1 1600 14 7100
3 - 3 - 2 5200 411 33000
3 - 4 - 1 1300 2 6600
3 - 4 - 2 6800 236 18000
5 - 4 - 1 2000 39 9300
4 - 1 - 2 500 55 15000
4 - 2 - 1 3900 104 15000
4 - 2 - 2 6400 228 25000
4 - 3 - 1 630 51 68000
4 - 3 - 2 2800 79 20000
4 - 4 - 1 1200 18 19000
4 - 4 - 2 6600 228 29000
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Sample Date Sample Point Total coliforms %Removal E. coli %Removal Enterococci %Removal
18/11/96 Inlet 770000 66.2 81000 58.0 2200 -122.7
Outlet 260000 34000 4900
19/11/96 Inlet 650000 99000 3100
20/11/96 Inlet 410000 -217.1 50000 -720.0 40000 72.5
Outlet 1300000 410000 11000
21/11/96 Inlet 610000 32.8 55000 30.9 1100 -27.3
Outlet 410000 38000 1400
25/11/96 Outlet 130000 14000 1400
26/11/96 Inlet 180000 45.0 29000 55.2 1600 80.6
Outlet 99000 13000 310
27/11/96 Outlet 62000 8600 410
09/01/97 Outlet 620000 80000 650
14/01/97 Outlet 120000 21000 900
16/01/97 Outlet 82000 15000 1300
10/02/97 Outlet 200000 16000 110
11/02/97 Inlet 370000 35.1 28000 39.3 570 54.4
Outlet 240000 17000 260
12/02/97 Inlet 200000 51.0 9900 -76.2 1600 12.5
Outlet 98000 17444 1400
13/02/97 Inlet 320000 69.4 17000 -23.5 2600 42.3
Outlet 98000 21000 1500
17/02/97 Inlet 98000 33.7 13000 39.2 2000 40.0
Outlet 65000 7900 1200
18/02/97 Outlet 44000 3600 1400
19/02/97 Inlet 73000 39.7 6600 30.3 1700 49.4
Outlet 44000 4600 860
18/03/97 Inlet 600000 99.4 52000 51.9 3000 68.0
Outlet 3700 25000 960
19/03/97 Inlet 360000 -25.0 58000 -8.6 2600 57.7
Outlet 450000 63000 1100
18/03/97 Inlet 600000 38.3 52000 51.9 3000 68.0
Outlet 370000 25000 960
19/03/97 Inlet 360000 -25.0 58000 -8.6 2600 57.7
Outlet 450000 63000 1100
20/03/97 Inlet 46000 440 6300
Outlet 440000 22.7 63000 66.7 2300 4.3
24/03/97 Inlet 340000 21000 2200
Outlet 330000 70.6 15000 -6.7 1900 0.0
25/03/97 Inlet 97000 16000 1900
Outlet 120000 17000 630
26/03/97 Inlet 240000 45.8 10000 28.0 2500 75.2
Outlet 130000 7200 620
27/03/97 Inlet 140000 34.3 14000 44.3 1300 -30.8
Outlet 92000 7800 1700
21/04/97 Outlet 20000 410 17
22/04/97 Inlet 280000 919 10000 94.8 3000 98.3
Outlet 17000 520 50
23/04/97 Outlet 34000 640 68
28/04/97 Inlet 40000 50.0 7400 79.7 800 79.4
Outlet 20000 1500 165
29/04/97 Inlet 52000 73.1 6000 81.7 520 61.5
Outlet 14000 1100 200
30/04/97 Inlet 31000 2900 410
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1. Objectives for 1998
a. Continue routine monitoring at Holmwood and Chesham STWs until December 
1998.
b. Further tracer studies using sodium fluoride for both sites. Tracer profiling of 
Holmwood will be carried out to try to determine the flow split between the four 
inlets as they are gravity fed. This information is essential for the proposed CFD 
modelling of the system.
c. Repeat profiling of the lagoon at Holmwood, as described in my 24 month 
dissertation, and carry out similar study at Chesham.
d. Determine the most appropriate methods of statistical analysis of the data, with 
assistance from the Statistical Services Centre at the University of Reading.
e. Investigate the use of neural networks for the project.
2. Progress to Date 
2.1 Academic Papers
• A paper entitled “Tertiary lagoons: a review of removal mechanisms and 
performance” has been accepted for publication in the journal Water Research. A 
copy is attached in Appendix 1.
• A poster presentation entitled “The Performance of Tertiary Lagoons in the UK” 
has been accepted for the Biennial Conference of the International Association for 
Water Quality in Vancouver in June.
• Two papers are being prepared on the results of my research to date to be submitted 
to the journal Environmental Engineering.
2.2 Overseas Work
Two weeks were spent in Thailand, and one in Malaysia providing technical support 
for Thames Water International operations.
Urgent advice on the possible methods for recovering a lagoon system which had been 
adversely affected by a severe pollution was provided at one site in northern Thailand. 
A process review of this site, and three other industrial wastewater treatment plants, 
was also carried out. This work has been presented to the client, and a copy of the 
report is being submitted to my portfolio separately. A second trip to Thailand is 
planned later this year in order to present the plans for upgrading the site with the 
most severe problems to the board of the Industrial Effluent Authority of Thailand, 
who own the sites.
1
23 sewage treatment works, mainly using lagoon systems, were visited in Jahor 
Bahru, a city in the south of Malaysia. Their overall condition was assessed in order 
to provide information for a bid to operate the sites on behalf of the local council.
2.3 Routine Sampling
The overseas trip discussed above, and the subsequent preparation of the report 
resulted in a break in the sampling programme during the autumn of 1997. Sampling 
is now continuing at Holmwood STW, and has been started at Chesham STW.
2.4 Tracer Studies
Further tracer studies have been carried out at Holmwood, and will be carried out 
shortly at Chesham. Problems were experienced at the beginning of the year because 
of the very high rainfall, but flows have now returned to normal. The tracer profiling 
at Holmwood will also be carried out in the near future.
2.5 Other Work
Sludge depth profiling will be carried out at Chesham with assistance from an MSc. 
student. This is necessary as this lagoon has never been de-sludged, and the 
distribution of sludge may have implications for the hydraulic regime. The MSc. 
student will also be investigating the diurnal pattern of faecal coliform numbers at the 
inlet and outlet to compare to the work I carried out at Holmwood.
2
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TERTIARY LAGOONS: A REVIEW OF REMOVAL 
MECHANISMS AND PERFORMANCE
H. E. MAYNARD*+, S. K. OUKI*, S. C. WILLIAMS^
* Centre for Environmental Health Engineering, University of Surrey, Guildford, GU2
5XH
^Thames Water Utilities, Spencer House, Manor Farm Road, Reading, RG2 OJN 
ABSTRACT
Tertiary lagoons, or maturation ponds, have generally been viewed as an 
effective and low-cost method of removing pathogens from wastewater. 
Their low operation and maintenance costs have made them a popular 
choice for wastewater treatment, particularly in developing countries since 
there is little need for specialised skills to run the systems. This paper 
provides a critical review of the literature on the removal mechanisms 
operating in tertiary lagoons, and their overall performance. Numerous 
physical and chemical parameters have been suggested as factors involved 
in bacterial removal, and particular attention is paid in this paper to the 
relationship between pH, dissolved oxygen concentration and light. Very 
little information is available on the mechanisms of removal for intestinal 
parasites or viruses, or for BOD, COD or heavy metals. The two proposed 
mechanisms for nitrogen removal (ammonia volatilisation and 
sedimentation of organic nitrogen) are discussed. It has become obvious 
from the wide variations in performance reported in the literature that the 
design criteria currently in use for lagoons are not adequate. It is thought 
that by gaining a better understanding of the removal mechanisms operating 
in the lagoons, the design of new lagoons can be improved.
Key words - tertiary lagoons, maturation ponds, removal mechanisms, 
performance
INTRODUCTION
The treatment of wastewater in lagoons exploits the physical and biochemical 
interactions that occur naturally in aquatic systems to remove pathogens, biochemical 
oxygen demand (BOD), ammonia, nitrates, suspended solids and phosphates. There 
are three types of non-aerated lagoon currently in use around the world; anaerobic 
lagoons, facultative lagoons and tertiary lagoons, which are also described as aerobic 
or maturation ponds. This paper is concerned only with the removal mechanisms in 
tertiary lagoons. Tertiary lagoons are usually 1 to 1.5 m deep, and they may receive 
the effluent from either facultative lagoons or from conventional treatment processes. 
The primary function of tertiary lagoons in most parts of the world is the removal of 
pathogenic organisms, and the size and number of these lagoons will normally be 
determined by the required bacteriological quality of the final effluent.
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During this century lagoons, or wastewater stabilisation ponds, have been widely used 
for primary, secondary and tertiary treatment. There are now many thousands of 
systems in use all over the world. In north America alone, the US EPA (1983) 
reported that there were around 7000 lagoons in use. Wastewater reuse is becoming 
increasingly important world- wide, and safe reuse, particularly in irrigation, is 
dependant on adequate pathogen removal. The low operation and maintenance costs 
of tertiary lagoons coupled with the effective percentage pathogen removal reported in 
the literature (Mara et a l, 1992; Pearson et a l, 1987) have made them a popular 
choice for wastewater treatment. In addition there is little need for specialised skills 
to operate or maintain them. Wide variations in the standard of performance of 
lagoon systems have been reported in the literature.
POLLUTANT REMOVAL MECHANISMS IN TERTIARY LAGOONS 
BOD, COD, Suspended Solids and Heavy Metals Removal
Tertiary lagoons are not usually designed for the removal of BOD, since they are 
polishing lagoons, and are therefore primarily for pathogen and nutrient removal. 
Wastewater reaching the tertiary treatment stage should normally be at, or below, the 
discharge consent level. However, an increase in the concentration of both BOD and 
suspended solids in the final effluent from the tertiary lagoon can occur if there are 
large algal blooms. Mara et a l (1992) and Bradley (1983) stated that between 50 and 
90 percent of the BOD in a tertiary lagoon effluent is due to the algal content. Mayo 
(1996) found an increase of 160 - 240 percent in the effluent BOD from a site in 
Tanzania was due to suspended solids, particularly biomass. However, some 
regulatory authorities do allow higher concentrations of BOD and suspended solids in 
the effluents from lagoons than for other treatment methods. For example, in the 
European Union, the Urban Waste Water Treatment Directive (EC, 1991) allows 
analyses from lagoons to be carried out on filtered samples, whereas all other analyses 
must be unfiltered. Unfiltered suspended solids of up to 150 mg/1 are allowed.
Any BOD removal that occurs is due primarily to the oxidation of organic matter by 
the normal heterotrophic bacteria of wastewater treatment, e.g. Pseudomonas, 
Flavobacterium, Archromobacter and Alcaligenes spp. Oxygen produced by algae 
during photosynthesis supplies the bulk of the needs of these bacteria, with the 
remainder coming from mass transfer from the atmosphere. Toms et al. (1975) 
reported that the removal efficiency of BOD was low from the lagoons at the Rye 
Meads sewage treatment works in the UK, and this was ascribed to the initial low 
organic loadings entering the tertiary lagoons. It should be noted that most of the 
BOD in the effluent will be solids related. There is no detailed discussion of COD 
removal in the literature, but it is assumed that it will be by mechanisms similar to 
those discussed above.
As with BOD, tertiary lagoons are not designed for the removal of suspended solids, 
and the concentrations reaching the lagoons should normally be well within the 
discharge consent level. There is also the problem of increased suspended solids in the 
final effluent from the lagoons when there are large algal blooms. Suggestions have 
been made, for example by Mitchell and Williams (1982), that filter-feeding 
zooplankton, such as Daphnia, and fish (silver carp) (Smith, 1993) could be managed 
in a way that controls the population of algae. However, the fish will generate a
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significant amount of ammonia and suspended solids (Smith, 1988; Schroeder, 1975), 
or reduce the efficiency of removal of these parameters (Reed and Bastian, 1980). It 
has also been claimed (e.g. Binges, 1973. Uhlmann, 1967) that zooplankton can also 
make a significant contribution to BOD and suspended solids removal via flocculation 
and filtration of organic and inorganic material. However, these studies did not 
always monitor zooplankton numbers or correlate seasonal fluctuations in 
zooplankton population density with effluent quality. In some cases (e.g. Dinges, 
1973), the observed fluctuations in effluent quality could not definitely be connected 
to the effects of the zooplankton.
There is very little specific discussion in the literature on metal removal except from 
anaerobic lagoons (Mara and Mills, 1994). It is assumed that any removal occurs by 
precipitation and microbiological activity (Reed et a l, 1988). The pH value of the 
water will be very important as it affects the solubility of the metal hydroxides and the 
kinetics of the oxidation and hydrolysis processes. Metallic ions tend to precipitate as 
hydroxides at high pH values (Moshe et a l, 1972). The relationship between pH and 
metal removal is extremely complex as it is different for each metal and for biotic and 
abiotic processes. The availability of dissolved oxygen will affect oxidation processes 
and microbial activity. Heavy metals that are present may be associated with the 
suspended solids via adsorption to their surfaces.
Discussion
Little work has been reported in the literature on the mechanism of removal of BOD 
in tertiary lagoons, and it is clear that research is required to develop a better 
understanding of BOD and COD removal in tertiary lagoons. Attention must be paid 
to the fact that an algal bloom can cause severe problems by increasing the BOD and 
suspended solids in the lagoon effluent. Methods of controlling suspended solids 
using zooplankton and fish have been discussed by several authors, but there can be 
problems. There is no discussion at all in the literature of mechanisms or percentage 
removals of heavy metals from tertiary lagoons. High concentrations of heavy metals 
in wastewater are a long-term significant threat to human health if the water is reused 
for agricultural purposes, therefore research in this area is essential. The use of 
wetlands and land application may be important if lagoons are found to be unable to 
produce an effluent with low concentrations of heavy metals. Methods of upgrading 
lagoon effluent have been discussed by Middlebrooks (1995) and Middlebrooks 
et a l (1982), but it would obviously be preferable to achieve an acceptable effluent 
quality using only lagoons in order to avoid the extra costs that an additional process 
would entail.
Table 1 shows percentage removals from tertiary lagoons reported in the literature for 
BOD, COD and suspended solids in a number of countries around the world. Wide 
variations in performance can be seen.
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Table 1. Performance for BOD, COD and Suspended Solids Removal from Tertiary
Lagoons World-wide
Country Author Retention time/ % Removal % Removal
days BOD or COD Suspended Solids
Africa Tanzania Yhdego, 1992 8 B0D :32 30
Kenya Grimason et al,  1996 3 B0D:83
Morocco Mandi et a /,1993 7 COD: 45-58 28-42
Tunisia Ghrabi et al,  1993 BOD:65-72/COD:40-50 23-49
S. Africa Wrigley and Toerien, 1990 37 COD: 73
Middle East Israel Pedahzur et al,  1993 BOD: 42-72
Egypt El-Gohary e ta / ,  1993 BOD:51/COD:57 64
Asia India Chalpati Rao et al,  1981 BOD: 50-85
Thailand Polprasert et al ,  1983 20 BOD:57/COD:40 30% increase
Australia Mitchell and Williams, 1982 17.5 BOD: 77.1 82
Europe France (N) Schetrite and Racault, 1995 COD: 61-67 73-81
France (S) Picot et al ,  1992 4 0 - 7 0 COD:54 37
Portugal Mendes et al,  1995 BOD:25/COD:3 17
UK Toms et al,  1975 3 BOD: 66
Americas Cayman Islands Frederick, 1995 3 BOD: 11-29
Brazil Dixo et al,  1995 
Arridge et al,  1995
15 BOD: 2-13 
BOD: 62
4-12.8
Nitrogen and Phosphorus Removal
There is still some disagreement over the mechanisms responsible for the removal of 
nitrogen in lagoons. It is generally agreed that nitrification and denitrification do not 
play a major role because of the lack of sufficient surface area for the attachment of 
the necessary bacteria and the low concentrations of nitrate (Mara and Pearson, 1986; 
Reed, 1985; Ferrara and Avci, 1982; Stone et al., 1975). However, Santos and 
Oliveira (1987) did conclude that nitrification was occurring in a tertiary lagoon in 
Portugal due to the increased concentrations of nitrite and nitrate and decreased 
concentrations of ammonia. Muttamara and Puetpaiboon (1996) also report increased 
ammonia removal when baffles were used to increase the surface area for biofilm 
attachment, but concluded that ammonia volatilisation was important when there were 
long hydraulic retention times. Denitrification in the sediment is theoretically 
possible if there is an anoxic environment, but these conditions should not occur in 
tertiary lagoons. However, Toms et a l (1975) found that there was a marked decrease 
in the amount of nitrate removal by algal uptake from 93 percent to only 17 percent 
during the months of peak algal activity between May and August, and concluded that 
the remainder of the decrease in nitrate concentration must be accounted for by 
denitrification. In laboratory experiments using aerated sewage effluent, they found 
that denitrification only took place in the presence of lagoon mud, which was found to 
contain the denitrifying bacteria Pseudomonas sp. and the nitrate reducer Clostridium 
perfringens. McKinney (1976) found that 20 to 60 percent of the cell mass that settles 
out will not be biodegradable, but King (1978) found that only about 10 percent of 
nitrogen removal was due to uptake by aquatic plants in a lagoon system in the US. 
Reed (1985) also points out that four studies of lagoon systems in the US carried out 
by the EPA (Bowen, 1977; Hill and Shindala, 1977; McKinney, 1977; Reynolds et 
a l, 1977) could not identify “a clear relationship between periods of algal growth and 
nitrogen removal”.
Several studies have concluded that ammonia volatilisation is the main pathway for 
permanent nitrogen removal from lagoons (Soares et a l, 1996; Silva et a l, 1995; 
Reddy, 1983; Pano and Middlebrooks, 1982; King, 1978). For volatilisation to take
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place, warm temperatures and pH values greater than 10 are needed, and these 
conditions can occur near the surface of a pond. The high pH is caused by the uptake 
of C 02 by algae during photosynthesis. The long retention time in some lagoons 
means that even if conditions are not optimal, volatilisation could still be important in 
the long-term. Reddy (1983) carried out tracer studies using an ammonium isotope 
(15NH4+), and found 53 percent unaccounted for, with 21 percent still in the liquid, 21 
percent was in the sediment, and 5 percent went to algal biomass. It was therefore 
concluded that the percentage that could not be accounted for had been lost by 
volatilisation. Analysing results from three pond systems in the US, Pano and 
Middlebrooks (1982) found that there was more than 90 percent removal of ammonia 
even at pH values of 7 - 8. They state that, in a well mixed lagoon, ammonia 
volatilisation will be the major nitrogen removal process particularly at low 
temperatures when biological activity decreases. Ammonia volatilisation was found 
to decrease slightly above 20 °C, possibly due to thermal stratification and hence poor 
mixing. This contradicts the findings discussed previously, but other researchers 
(Ferrara and Avci, 1982; McKinney, 1977,1976), have concluded that volatilisation is 
not the major pathway for nitrogen removal from tertiary lagoons. A fully mixed flow 
model was developed by Ferrara and Harleman (1978) to evaluate the relative 
importance of ammonia volatilisation, organism uptake and sedimentation in nitrogen 
removal from lagoons. Ferrara and Avci (1982) applied this model and found that the 
main mechanisms of nitrogen removal was sedimentation of organic nitrogen via 
biological uptake. This model was based on data from the same lagoon systems as 
studied by Pano and Middlebrooks, but produced a contradictory result. Reed (1985) 
also used data from the same three pond systems to develop a model for the fate of 
nitrogen. However, he found it impossible to determine whether sedimentation or 
volatilisation is the main route for removal due to the complexity of the interactions in 
the biochemical pathways. It was thought it may be possible for volatilisation to 
dominate during the warm summer months, and deposition during the winter.
Toms et al. (1975) found that there was little phosphorus removal in tertiary lagoons 
where there was little algal growth. This was also the conclusion of Mara and Pearson 
(1986) and Houng and Gloyna (1984), although Toms et al. found that, at times, up to 
80 percent of phosphorus loss could be accounted for by the precipitation of 
hydroxyapatite (Ca^PO^OH), which will not re-dissolve. This occurs at pH values 
of 8 and above, although it will not occur in areas of very soft water, where there are 
very low calcium concentrations. Mara and Pearson (1986) however, believed 
sedimentation of organic phosphorus as algal biomass to be more important. They 
also pointed out that the estimates of the amount of organic phosphorus in the water 
column, based on estimates of the amount of algal biomass, may be doubly inaccurate. 
This is due to the errors associated with the estimates, but more importantly, it is due 
to the significant variation in the amount of phosphorus in the cells of the different 
algal species.
From the results of a study of small laboratory scale ponds, Houng and Gloyna (1984) 
suggested that increasing the number of tertiary lagoons provided the most effective 
treatment for phosphorus recycling and removal since progressively more phosphorus 
becomes immobilised in the oxidised surface layers of the sediments in these lagoons. 
This proposal was supported by their findings, which suggest that release rates for 
phosphorus were 25 to 50 times faster from the sediments of anaerobic and facultative 
lagoons than from tertiary lagoons. Grizzard et a l (1982) also found that aerobic
conditions in the sediment reduced the amount of phosphorus released back into the 
water column. The amount of soluble phosphorus released into the water from the 
sediment depends on the capacity of the sediment to adsorb and desorb inorganic 
phosphorus from solution, the mineralisation of organic phosphorus and simple 
diffusion of phosphate (Reed et a l, 1988). Reed et al. (1988) state that the release of 
phosphorus from the sediment will occur at high pH values, under anaerobic 
conditions, and when the phosphorus concentration in the water is lower than that of 
the sediment. The presence of iron, aluminium and calcium at high concentrations in 
the sediment will enhance the adsorption of phosphorus.
It has also been proposed that there is cycling of both nitrogen (for example, Reed, 
1985) and phosphorus compounds (for example, Houng and Gloyna, 1984) between 
the water column and the lagoon sediment. Some will be deposited directly by 
sedimentation of particulates entering the lagoon in the influent, and others through 
the sedimentation of biomass. However, not all of the compounds will be non- 
biodegradable, and there will therefore be some re-entry of nutrients into the water 
column. The “turn-over” of lagoons in temperate climates in the spring and autumn 
which will effectively mix the sediment with the water column. There will obviously 
be some accumulation in the sediment of the non-biodegradable fraction.
Discussion
The removal of phosphorus from tertiary lagoons is not well understood, and the 
interaction between biological uptake and precipitation at high pH values needs to be 
investigated. The errors associated with estimating the algal biomass, and the 
variation in the amount of phosphorus in the cells of different algal species, also need 
to be investigated in more depth.
It is thought unlikely that nitrification and dénitrification play an important role in the 
removal of nitrogen in lagoons. Denitrification has been shown to be possible in the 
sediment at the bottom of the lagoons (Toms et a l, 1975), but since the surface area in 
contact with the water in the lagoon is low, this removal mechanism is not very 
significant. Most work centres on the relative importance of volatilisation of 
ammonia and the sedimentation of organic nitrogen via biological uptake. Several 
studies have concluded that volatilisation is the main pathway for nitrogen removal 
from lagoons at high temperatures and high pH. However, Pano and Middlebrooks 
(1982) found that it was most important at low temperatures when there was little 
biological activity, and Ferrara and Avci (1982) found that even at high pH values, 
volatilisation was minimal and sedimentation was the main removal pathway. Since 
high pH and high temperature are both related to the climate, more research is needed 
to discover whether this is the factor which determines which of the two mechanisms 
is predominant. A problem with all the studies is that it is almost impossible to 
actually quantify the amount of nitrogen that follows each removal route in the field. 
The work by Reddy (1983), where the fraction of nitrogen following each route was 
measured using a tracer, has attempted this. Other studies have had to use the 
concentration of ammonia in the inlet and outlet of the lagoons, and developed models 
for ammonia volatilisation based on a first order rate equation. Outside of the 
laboratory this problem will be difficult to overcome.
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Table 2 shows the percentage removals quoted in the literature for tertiary lagoons 
around the world for ammonia and phosphate, and again shows a wide variation in 
performance.
Table 2. Performance for Ammonia and Phosphate Removal from Tertiary Lagoons
World-wide
Country Author Retention time/ 
days
% Removal 
Ammonia
% Removal 
Phosphate
Africa Tanzania Y hedego, 1992 8 62
K enya Grimason et al, 1996 3
M orocco Mandi et al, 1993 7 54-72 78
Tunisia Ghrabi et al, 1993 53 87
S. Africa W rigley and Toerien, 1990 37.5 82 48
A sia Thailand Polprasert et al, 1983 20 100 25
Australia M itchell and W illiam s, 1982 17.5 83 56
Europe France (N ) Schetrite and Racault, 1995 Total N :35-62 Total P:45-65
France (S) P icot et al, 1992 4 0 - 7 0 20 20
Portugal M endes et al, 1995 22 31
U K Tom s et al, 1975 3 0-80
Am ericas Cayman Islands Frederick, 1995 3
Brazil Oragui et al, 1995 96
D ixo et al, 1995 15
Silva et al, 1995 73-92
PATHOGEN REMOVAL MECHANISMS IN TERTIARY LAGOONS
Most of the work on pathogen removal in lagoons has concentrated on the removal of 
the bacterial indicator organisms, E. coli and faecal coliforms, as they can be rapidly 
and reliably identified and enumerated, but there has been very little work to 
investigate whether these results will be the same for pathogenic organisms such as 
viruses and intestinal parasites. Work carried out by Mezrioui et ah (1995, 1994) and 
Lesne et a l (1991) found that Vibrio cholerae and E. coli survive differently under the 
same conditions. Mezrioui et al. found that during the summer months when there 
were high temperatures and a lot of algal activity, resulting in high pH, V. cholerae 
populations actually increased, whereas E. coli populations decreased. In untreated 
wastewater, the survival of V. cholerae was almost exclusively correlated to 
temperature. Roberts et al. (1984) found that the number of V. cholerae increased as a 
function of temperature, and in treated wastewater, the correlation between 
V. cholerae and pH increased significantly. Nair et ah (1988), Colwell (1986) and 
Huq et a l (1984) showed that alkaline pH in estuary waters enhanced the survival of 
V. cholerae. Mezrioui et a l (1995) also found that sunlight had a much greater effect 
on E. coli survival than on V. cholerae. The contrast in the behaviour of the 
organisms could be due to a difference in their reaction to sunlight. Curtis et al. 
(1992) suggested that the damage to the cytoplasmic membranes of bacteria caused by 
sunlight could make the organisms more sensitive to the effects of other factors such 
as high pH. Since V. cholerae actually survive better at high pH values, the organisms 
may therefore be less sensitive to sunlight. Overall, the results of the work by 
Mezrioui et al. (1995, 1994) show that a great deal of caution needs to be used when 
assessing the health risks of wastewater based on information on faecal pollution 
indicators alone.
Bacterial Removal
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Temperature
Much of the earliest work on bacterial removal assumed that temperature was the 
most important factor controlling the removal mechanism, as described by the 
equation developed by Marais and Shaw (1961). Many subsequent workers, such as 
Klock (1971), Bowles et al. (1979) and Ferrara and Harleman (1981) also 
concentrated on first order kinetics in which the removal rate is temperature 
dependent. Most recent work has considered bacterial removal as a much more 
complex mechanism involving interactions between the physical, chemical and 
biological systems present in the lagoon, although temperature clearly remains an 
important parameter. For example, Mezrioui et a l (1995), Mara et a l (1992), Barzily 
and Kott (1991), Pearson et a l (1987) and Polprasert et a l (1983) all found that 
removal of faecal coliforms increased with increasing temperature. However, Mara 
and Pearson (1986) pointed out that the relationship between die-off and increasing 
temperature must be indirect, since high levels of removal were found in tertiary 
lagoons in comparison to anaerobic and facultative lagoons operating at the same 
temperature.
Algal Toxins
Some researchers (Mezrioui et a l, 1994; Davis and Gloyna, 1972; Levina ,1964) have 
suggested that certain algae produce substances which are toxic to bacteria. Mezrioui 
et a l (1994) suggested that Cyanobacteria secrete a substance that is toxic to E. coli, 
and Chlorella secrete a substance that is toxic to Vibrio cholerae. However, very little 
work was done to identify what the toxins secreted by the algae actually were. Toms 
et a l (1975) also investigated the possible secretion of toxins by algae by incubating 
samples of lagoon influent water with either water rich in algae or with relatively pure 
water in the dark or light. They found that bacteria in the samples mixed with purer 
water were killed more rapidly than the samples where algae were present, 
presumably due to the shielding of the bacteria from the light by the algae. They 
concluded that there was no evidence of the production of bacterial toxins by algae, 
and this was supported by the work of Mayo and Noike (1994) on the survival of 
heterotrophic bacteria in lagoons.
Predation and Starvation
There is very little work in the literature related to the effects of predation and 
starvation on bacterial removal in tertiary lagoons. Prêterions (1962) found that 
coliphage play an important role in E. coli removal from lagoons. Fernandez et a l 
(1992) also concluded that predation and competition were extremely important in the 
removal of faecal coliforms. As part of a large study to model the removal of faecal 
coliforms, Troussellier et a l (1986) investigated the effects of grazing by rotifers and 
of BOD loading. They found that neither factor had a significant direct effect on 
removal, and this was also the conclusion of Mayo (1995), Mayo and Gondwe (1989), 
Mills et a l (1992) and Skerry and Parker (1979). However, Gann et a l (1968) found 
that coliform removal was closely associated with the removal of BOD, and suggested 
that coliforms are unable to compete with other bacteria for nutrients. Saqqar and 
Pescod (1992) also found that the faecal coliform removal rate increased with 
decreasing BOD. Mayo and Noike (1996) found that at high temperatures, the
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number of heterotrophic bacteria decreased in lagoons because of increased 
competition for glucose by Chlorella vulgaris.
Retention Time
The effect of retention time in lagoons on bacterial removal is an area which is not 
discussed widely in the literature. Oragui et a l (1987) demonstrated that the retention 
time of wastewater in the lagoons was very important in determining the treatment 
performance in a system. They showed that increasing retention time lead to 
increased bacterial die-off. Rângeby et al. (1996) concluded that retention time was 
the most important factor since it allows other changes in the lagoon environment, 
such as pH, temperature, etc. to affect bacterial die-off. However, Troussellier et al. 
(1986) found that when the retention time was at a minimum because of increased 
flows due to the influx of tourists to the area in the summer, the removal rate for 
faecal coliforms was maximum despite an inadequate treatment period in the lagoons. 
They concluded that other factors must therefore be involved in the removal 
mechanism. Pearson et a l (1996) found that increasing the depth of a tertiary lagoon 
in order to increase the retention time lead to decreased removal efficiencies for faecal 
coliforms.
Light, pH  and Dissolved Oxygen
Parhad and Rao (1972) carried out some of the first work linking pH and bacterial 
removal. They kept two flasks containing sterilised sewage inoculated with a mixture 
of E. coli and Chlorella (the most common algae found in lagoons) at room 
temperature and under artificial light. One flask was buffered at pH 7.5 and the other 
remained unbuffered. The pH in the unbuffered flask increased as high as 10.4 and 
the E. coli were completely removed, whereas in the buffered flask, there was no 
removal. Since all factors other than the pH were the same in both flasks, it was 
concluded that the increase in the pH value due to algal growth was responsible for 
the elimination of the E. coli. Other workers (James, 1987; Pearson et a l, 1987; Him 
et a l, 1980; Metcalf and Eddy, 1979) have defined pH values ranging from 9 to 9.5 as 
the lethal level for bacteria, and that this pH was the main or even sole factor affecting 
the die-off of faecal coliforms. However, Fernandez et al. (1992), Gambrill et al.
(1992), de Oliveira (1990) and Trousselier et al. (1986), among others, found that 
lagoons function perfectly well with respect to faecal coliform removal without ever 
reaching these critical pH values. Trousselier et al. (1986) also found that sunlight, 
pH and algae accounted for 77 to 88 percent of the variations in the numbers of faecal 
coliforms present in the lagoons they studied. Mayo (1995) found poor correlation 
between pH and faecal coliform die-off, suggesting that factors other than pH were 
controlling removal.
Parhad and Rao (1972) also carried out one of the first investigations into the effect of 
light on E. coli. They exposed flasks containing sterilised sewage which were 
inoculated with algae and E. coli to differing intensities of light. They found that the 
greater the intensity of the light, the faster the E. coli were eliminated. However, 
surprisingly, they concluded that light did not have an effect on the removal of the 
bacteria. The growth of the algae was directly proportional to the light intensity, and 
the higher the growth rate of the algae, the faster the bacteria were eliminated. Light 
was also completely discounted as an important factor in bacterial removal by Pearson
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et a l (1987) as they found that there was very little removal at the surface of ponds 
with low pH and dissolved oxygen even at high light intensities. They also found that 
when they compared two ponds in parallel with the same design receiving the same 
wastewater, the very clear pond, with low dissolved oxygen and pH, had poor faecal 
coliform removal, while the other pond, which was very turbid, had a high pH and 
dissolved oxygen, and a better faecal coliform removal rate. The model developed by 
Polprasert et al. (1983) from the results of a series of laboratory, pilot-scale and full 
scale experiments related light to bacterial die-off through the concentration of algal 
biomass, as well as to temperature and influent COD load. The authors found a strong 
correlation between the actual and calculated values for total coliform and faecal 
coliform removal.
Ultraviolet light is known to kill or inactivate bacteria, even those which are resistant 
to antibiotics. Meckes (1982) reported that total coliform isolates resistant to 
streptomycin, tetracycline and chloramphenicol were killed or inactivated by UV 
radiation. Fujikoka et al. (1981) and Kapuscinski and Mitchell (1983) have reported 
that visible light can also kill or inactivate coliforms. Moeller and Calkin’s paper 
(1980) is very much quoted in the literature, and suggested that the amount of UV-B 
light (X = 290 - 320 nm) is very important in the destruction of coliform bacteria. 
They found approximately 99 percent reduction in the number of faecal coliforms in 
the effluent from a set of four lagoons in series. Since the pH rarely exceeded 8.5, 
which is below the postulated critical pH of 9, they concluded that this factor was 
unlikely to be of significance to coliform survival at this site. They discounted as 
insignificant all factors except UV-B, pond depth and mixing.
Curtis et al. (1994) carried out a study to characterise the optics of lagoons and to 
discover the nature and cause of spectral and inter-pond variations in light penetration. 
They found that relatively little UV light can penetrate the water in lagoons because of 
the absorbance of gilvin (dissolved humic matter), algae and tripton (inanimate 
particulate matter). They point out that gilvin is known to be present in sewage and 
lagoons and absorbs strongly in the UV (Curtis, 1990; Haag et al., 1986; Draper and 
Crosby, 1983). Tripton, which is made up of inert particulate matter, absorbs less 
light than gilvin, but has a similar absorption spectrum. Since algae are 
photosynthetic, they contain large amounts of pigments, which will block the 
penetration of light. The wavelengths used in the UV-lamps in disinfection units are 
shorter than those found in sunlight, and will therefore be more effective at removing 
bacteria than sunlight (Curtis et al, 1992b). Curtis et a l (1994) also point out that 
Mara and Pearson (1986) state that algae are found in all tertiary lagoons, and Curtis 
(1990), Haag et a l (1986) and Draper and Crosby (1983) found that the concentration 
of gilvin is approximately the same in raw sewage and wastewater all over the world. 
Therefore, Curtis et a l (1994) believe that their finding that UV light will have very 
little effect on bacterial removal due to the low level of penetration is applicable to 
lagoons world-wide.
It has been found that humic substances found in all wastewaters absorb light of all 
wavelengths from 280 - 700 nm, and pass the energy to oxygen (Haag and Hoigné, 
1986; Wolff et a l, 1981; Zepp and Cline, 1977). This causes the formation of singlet 
oxygen, hydrogen peroxide and probably superoxide and hydroxyl radicals which 
have been shown to damage or kill bacteria and algae. Workers (Peak et a l, 1983; 
Webb and Brown, 1979; Chamberlin and Mitchell, 1978; Tyrell, 1976; Webb and
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Lorenz, 1970) found that the damage to faecal coliforms caused by near UV and 
visible light was dependant on the presence of oxygen, in a process called photo­
oxidation.
Photo-oxidation was found to operate synergistically with high pH values (Curtis et 
al., 1992a). Two possible explanations are that the pH either decreases the resistance 
of the organisms to the effects of light or the raised pH increases the production of 
toxic forms of oxygen. However, although the absorbance of lagoon filtrates 
increases with increasing pH, Haag et a l (1986) and Zepp et a l (1981) found that 
there was little or no change in the production of singlet oxygen over the range of pH 
values in lagoons. The toxic forms of oxygen may damage the cytoplasmic 
membrane, thus allowing hydroxyl ions to enter. This would cause an increase in the 
internal pH of the faecal coliforms and therefore prevent growth of the bacteria. It 
was shown by Curtis (1990) that the more penetrating, longer wavelengths, i.e. those 
greater than 440 nm, cannot damage faecal coliforms at pH values of less than 8, and 
the absorbance by the humic substances decreases rapidly as the wavelength increases. 
Curtis et a l (1992) found that oxygen alone could not cause damage to faecal 
coliforms. Mayo (1995) found that there was very poor correlation between the 
concentration of dissolved oxygen and faecal coliform mortality, which may have 
been due to the large number of samples whose pH was below 8. There must 
obviously be a balance between the impact that humic substances have as 
photosensitizers and their ability to attenuate light. Webb and Malina (1967) showed 
that visible light is mutagenic in E. coli without the presence of an external sensitizing 
agent. It is thought possible that compounds within the bacteria itself, such as 
porphyrins, maybe acting as the photosensitizer (Peak et a l, 1987; Sammartano et a l, 
1986; Whitelam and Codd, 1986). Webb and Lorenz (1970) also showed that photo­
oxidation caused inactivation of E. coli by damaging DNA.
The work by Curtis et a l (1992a and b) and Dixo et a l (1995) suggests that it is 
unlikely that the models developed by Sarikaya and Saatci (1987) and Mayo (1989) 
relating pond performance to light alone would be satisfactory. The linear 
relationships between light and faecal coliform removal obtained from the laboratory 
experiments may have only been obtained because the pH and dissolved oxygen 
concentration were kept constant. It is very unlikely that both of these conditions 
would remain constant in a real lagoon. The findings of Pearson et a l (1987) that pH 
rather than light is the main factor influencing the removal of bacteria (discussed 
above) could be explained by the synergistic relationship between photo-oxidation 
and high pH. High dissolved oxygen concentrations and high pH values are needed 
for photo-oxidation to take place at a high rate.
Several authors, including Mayo (1995, 1989), Saqqar and Pescod (1992), Sarikaya 
and Saatci (1987), Mara and Silva (1979) and Toms et a l (1975) agree that lagoon 
depth will have a significant effect on the die-off of faecal coliforms; die-off decreases 
with increasing depth. This is obviously due to greater light penetration in shallower 
lagoons. Deep lagoons are also more likely to have anaerobic zones which have been 
shown by, among others, Marais (1974) and Moeller and Calkins (1980) to enhance 
bacterial survival. However, Mills et a l (1992) found that there were higher removal 
rates in the anaerobic and facultative lagoons than in the tertiary lagoons when they 
studied lagoon systems in Kenya. They suggested that this may be due to
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sedimentation in the primary lagoons leaving only the most resilient bacterial species 
to reach the tertiary lagoons.
Discussion
There is much debate in the literature on the mechanisms of bacterial removal, and 
there are conflicting results on the contribution of algal toxins, predation, starvation, 
temperature and retention time, as discussed earlier in this section. These are 
therefore areas where more research is required. One of the most contentious areas 
under investigation, discussed in section 3.1.5, is the effect of light, with some 
workers discounting it completely (Pearson et a l, 1987; Parhad and Rao, 1972), while 
others have concluded that it is the most important factor (Curtis et a l, 1992; Moeller 
and Calkin, 1980). However, the actual mechanism of bacterial removal by light is 
still to be elucidated. The results of the study carried out by Curtis et al. (1994) 
showed that Moeller and Calkin’s conclusion that UV-B has a low attenuation 
coefficient is unlikely, and it is more probable that bacterial removal is related to 
visible light. More work is needed to investigate the relationship between pH, 
dissolved oxygen concentration, light and lagoon depth. This area is particularly 
important, as tertiary lagoons are used primarily for pathogen removal. There is also 
the potential for conflict between the need for long retention times and shallow pond 
depths to ensure good bacterial removal, and the resulting increase in algal biomass 
leading to high concentrations of BOD and suspended solids in the effluent. The 
importance of light also raises questions about the suitability of lagoons in temperate 
and cold regions for providing pathogen removal. The use of faecal coliforms and E. 
coli as indicators of pollution needs to be reconsidered in the light of the results 
discussed at the beginning of the section. They have been shown by several authors 
not to be good indicators of viral or intestinal parasite pollution (Feachem and Mara, 
1978).
Virus Removal
Although good removal rates have been reported, very little work has been carried out 
to investigate the actual mechanisms of virus removal in lagoons. Most workers agree 
that the association of viruses with solids in wastewater is one of the most important 
factors (Lewis et a l, 1986; Ohgaki et a l, 1986; Feachem et a l, 1983; Chalpati Rao et 
a l, 1981; Bitton, 1980, 1975; Berg, 1973). Vasl and Kott (1982) and Wellings et a l 
(1976) have reported 60 to 100 percent of viruses are adsorbed onto solids. If these 
solids plus viruses are removed, then treatment will be very effective. The adsorption 
of viruses on to solids is affected by a number of factors, including pH and 
conductivity (particularly of a cationic nature) (Bitton, 1980, 1975), and sunlight and 
dissolved oxygen (Ohgaki et a l, 1986). Funderburg et a l (1978) also found that high 
pH contributed to poliovirus inactivation.
Ohgaki et a l (1986) found that under the aerobic conditions created by 
photosynthesising algae, coliphage adsorbed to solids, particularly microbial solids. 
Desorption occurred under anaerobic conditions. The use of coliphage and other 
bacteriophage as indicators of the survival of pathogenic viruses has been discussed 
and demonstrated by several authors, including Frederick and Lloyd (1995) and 
Scarpino (1978). Removal of phage was observed by Frederick and Lloyd (1995) at 
high pH, and they concluded that photo-oxidation was also important. These findings
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agree with those of Funderburg et al. (1978) who found a good correlation between 
high pH, chlorophyll a and poliovirus removal. Prolonged exposure of viruses to 
temperatures between 20 and 40 °C was shown by Kruse (1971) and Berg (1966) to 
cause viral inactivation. Ward (1977) also reported that ammonia is a good virucide, 
and its activity is highest at pH values above 8. Chalpati Rao et al. (1981) also 
thought it probable that other algal-bacterial virucidal activity that has not yet been 
elucidated will be taking place in lagoons. Lagoons ought to provide good conditions 
for virus removal as they usually have long retention times and expose viruses to 
micro-organisms, adsorptive solids and possibly noxious chemicals. However, the 
removal rates reported are very erratic, and range from 96 percent to zero.
More work is obviously needed on the mechanisms of virus removal in tertiary 
lagoons. For this to be possible, the cost and difficulty of analysis need to be reduced.
Intestinal Parasite Removal
Very little work at all has been carried out on intestinal parasites. This may partly be 
due to the problems associated with accurately determining the numbers of two of the 
groups of protozoan species of particular interest; Cryptosporidium spp. and Giardia 
spp. Brightfleld microscopy has for a long time been the most accurate method, but 
this relies on being able to identify the cysts among the other particles present in 
samples of lagoon water.
Sedimentation of cysts and eggs is the only mechanism so far proposed for removal in 
lagoons (Dixo et a l, 1995; Ayres, 1992). The long retention times in many lagoons 
have produced very high efficiencies, for example, Saqqar and Pescod (1992b) found 
up to 100 percent removal of nematode eggs from lagoons in Jordan. However, the 
percentage removals reported vary greatly; between zero and 100 percent. They also 
point out that although much work has been carried out on sedimentation theory, no 
comprehensive solutions to the problems of sedimentation have yet been found. 
Sedimentation in lagoons is more complicated than in small reactors, as there are 
more factors influencing conditions, and few of these are under the control of the 
operator.
Bartone et al. (1985) found that thermal stratification and sludge accumulation will 
increase the potential for short-circuiting and thus reduce the hydraulic retention time 
and allow the rapid transport of viable pathogens through lagoons. Grimason et a l
(1993) stated that important factors in determining the rate at which protozoan 
parasites settle in a lagoon system include the terminal settling velocity of the parasite, 
temperature inversion, methane bubbling and sediment disturbance. Even if high 
sedimentation rates are achieved, the parasites cysts or eggs can survive for long 
periods in the sediments. Feachem et a l (1983) suggest that Ascaris eggs can survive 
for over a year. Therefore, anything which disturbs the sediment, such as high flows 
during the inflow of storm water or thermal ‘turn-over’ of the lagoon, can potentially 
cause the release of high concentrations of parasites into receiving waters.
It is clear that before work to understand the mechanisms of removal of intestinal 
parasites can proceed further, the problems of detection and quantification need to be 
resolved.
16
Table 3 shows the percentage removals quoted in the literature for tertiary lagoons 
around the world for faecal coliforms, viruses and intestinal parasites. Very wide 
variations in performance are again seen.
Table 3. Percentage Removal of Faecal Coliforms, Viruses and Intestinal Parasites
from Tertiary Lagoons World-wide
Country Author Retention time/ 
days
% Removal 
FC
% Removal 
Viruses
% Removal 
IP
A frica Tanzania Y h d ego , 1992 8 90 .8
K enya G rim ason et a l ,  1996 3 89.5
A yres et a l ,  1993 27 .6 H :99 .96 -100
M orocco L esne et a l ,  1991 73-95 V C :9 .5 -90
M andi et a l ,  1993 7 99 .6 H :100
M ezrioui et a l ,  1995 7.5 74 .4 -8 4 .3
Tunisia Ghrabi et a l ,  1993 99 .97
S. A frica Jagals and L ues, 1995 3 9 9 .99 H :99 .9999
M iddle East Israel Pedahzur et a l ,  1993 90
A sia India Chalpati R ao et a l ,  1981 78-95
Veerannan, 1977 H :38 .5 -100
Thailand Polprasert et a l ,  1983 20 88
N e w  Zealand Turner and L ew is, 1995 9 2 -> 9 9 .9
A ustralia M acdonald and E m st, 1986 16 9 8 .8 -9 9 .9 6
M acdonald and E m st, 1986 3 100
Europe France P icot et a / ,  1992 4 0 - 7 0 99 .95
W ia n d te t a / ,  1995 G: 9 9 .7 - 1 0 0
Portugal M endes et a l ,  1995 96 .5
U K T om s et a l ,  1975 3 4 0 -> 9 0
A m ericas C aym an Islands Frederick, 1995 3 6 6 -7 9
Peru Y anez et a l ,  1980 5.5 100
B razil D ix o  et a l ,  1995 15 8 3 .5 -95 .3
O ragui et a l ,  1995 9 1 -1 0 0
O ragui et a l ,  1993 V C :6 2 .5 -1 0 0
Mara and S ilva , 1986 9.8 H: 8 7 -1 0 0
A rridge et a l ,  1995 9 9 .99
VC Vibrio cholerae H Helminth G Giardia
CONCLUSIONS
• There is very little information in the literature on the removal of COD, BOD, 
suspended solids and heavy metals from tertiary lagoons, and it is clear that 
research is required to develop a better understanding of these mechanisms. Since 
most of the BOD and COD is solids related, to improve the removal of these 
parameters, it will obviously be important to minimise the production of new 
suspended solids and to improve the removal of those solids entering the lagoon.
• The main mechanisms of nitrogen removal in tertiary lagoons are thought to be 
volatilisation of ammonia and sedimentation of organic nitrogen via biological 
uptake. However, it is not known under what conditions each of the mechanisms is 
dominant.
• Most workers have found very little phosphorus removal in tertiary lagoons. The 
mechanism of removal is not well understood, and more work is needed to 
investigate the relationship between biological uptake and precipitation at high pH 
values.
17
• There is still much debate on the mechanisms of bacterial removal, and conflicting 
results on the contribution of the different physical and chemical factors involved. 
The main factors are thought to be light, dissolved oxygen and pH. More work is 
needed to investigate the contribution of algal toxins, predation, starvation, 
temperature and retention time, and the relationship between pH, dissolved oxygen 
concentration, light and lagoon depth.
• More research also needs to be carried out on virus and intestinal parasite removal. 
The problems of detection and quantification of these pathogens also need to be 
resolved.
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Thirty-six Month Report
Thirty-six Month Report
October 1998
Progress to Date
• Abstract submitted for IAWQ specialist conference on lagoons which will take 
place in April 1999. The paper will be entitled ‘Three-dimensional computational 
fluid dynamic modelling of a facultative lagoon to investigate a possible method 
for improving performance’.
• Two papers from the work presented in my 24-month report have been prepared, 
and have been submitted to Water Research rather than Environmental Engineering 
as it was judged that there was insufficient engineering content.
• Sampling continuing at Holmwood with lagoons modified to operate in series. 
Problems with pumps has prevented the tracer studies being carried out.
• Neural networks discarded as an unnecessarily complicated approach.
• Statistical modelling using the results from Holmwood will be limited due to the 
nature of the data. No methods are available which can deal easily with the fact 
that the dates when the samples were taken are random rather than evenly spaced. 
‘S-plus’ will be used to carry out what statistical analysis is possible for the 
comparison of the performance of the lagoons in series compared to that when they 
were operated in parallel.
Future W ork
• Continue with the CFD modelling of the lagoons started for the work in Thailand. 
This work will form the basis of the paper for the IAWQ conference.
• Continue with the sampling at Holmwood, and attempt to carry out tracer studies.
• Write two papers on the work at Chesham for submission to ajournai.
Forty-two Month Report
Forty-two Month Report
April 1999
Progress to Date
• Paper accepted and prepared for IAWQ specialist conference at the end of April. 
The paper covers steady flow modelling and time-dependent modelling, with and 
without baffles.
• Papers submitted to Water Research on the work at Holmwood accepted with 
minor changes.
• Sampling continuing at Holmwood, but no tracer studies have yet been carried out 
due to the adverse weather conditions causing exceptionally high flows to the site. 
Operational problems have therefore been experienced at the site, and it was 
decided that it would be preferable to wait until the site had resumed normal 
operation before further work was carried out.
• Two papers on the work at Chesham are in the process of being prepared.
Future W ork
• Presentation of the CFD paper at the IAWQ specialist conference.
• An MSc. student from Cranfield University will be assisting with the project from 
the beginning of May until the end of July.
• The papers from the IAWQ conference will be used to update the literature review.
• A literature review paper on modelling and design of tertiary lagoons will also be 
prepared.
• Extend the CFD model to investigate further the effects of thermal stratification 
and attempt to model wind.
